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_19 
Design and Construction of Gravity Dams 

19.1. Definition, etc. 

A gravity dam has been defined as a structure which is designed in' such a way .that 
its own weight resists the external forces. This type of a structure is most durable and 
solid, and requires very little maintenance. Such a dam may be constructed of masonry 
or concrete. However, concrete gravity dams are preferred these days and mostly con
structed. They can be constructed with ease on any dam site, where there exists a natural 
foundation strong enough to bear the enormous weight of the dam. Such a dam is 
generally straight in plan, although sometimes, it may be slightly curve. The line of the 
upstream face of the dam, or the line of the crown of the dam if the upstream face in 
sloping, is taker:i as the reference line for layout purposes, etc. and is known as the Base 
line of the dam or the 'Axis.of the Dam'. When suitable conditions are available, such 
dams car be constructed up to great heights. The highest gravity .dam in the world is 
Grand Dixence Dan:i in Switzerland (284 
m), followed by · Bhakra dam in India 
(226 m); both are of concrete gravity 
type. The ratio of base width to height of 
all these structures is less than 1 : 1. 

19.2. Typical Cross-section 

Upstream face 
may be vertical 
or slanting 

A typical cioss~section ofa concrete - Drain~ge gallery 
. d . h . F.. 19 l Th Slanting face gravity am is s own m 1g. . . e . 

Vertical face 
upstream face may by kept throughout ver-

Heel 

.... 1 .. --S6m --~ .. 1 

tical or partly slanting for SO!lle of its 
length, as shown. A drainage gallery i~ 
provided in order to relieve the uplift pres
sure exerted by the seeping water. Fig. 19.1. A typical cross-.section of · 

a concrete gravity dam. · 
19.3. Forces Acting on Gravity Dam 

The various external forces acting on a gravity dam may be : 

(1) Water Pressure 
--(-2)-Bplift-Pressure-----------.----·---- ·--- -

(3) Pressure due to earthquake forces 
(4) Silt Pressure 

(5) Wave Pressure 
(6) Ice Pressure 

· (7)The stabilising force is the weight of the dam itself. 
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An estimation and description of these forces is 
given below : · 

(1) Water Pressure. Water pressure (P) is the 
most major external force acting on such a dam. The 
.horizontal water pressure, exerted by the weight of 
the water stored on the upstream side on the dam can 
be estimated from rule of hydrostatic press"ure dis
tribution ; which is triangular in shape, as shown in 
Fig. 19.2 (a) and (b). When the upstreamface is ver
tical; the intensity is zero at the water surface and 
equal to YwH at the base ; where Yw is the unit weight 
of water and His the depth of water : as shown in Fig. 
19.2 (a). The resultant force due to this external water 
= ± ywfi2, acting at H/3 from base. 
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Where 'Yw =unit weight of water 
9.81 kN/m3 = 1000 kgf/m3 

Fig. 19.2. (a) 

When the upstream face is partly vertical and partly inclined [Fig. 19.2 (b)], the 
resulting water force can be resolved into horizontal component (P1J and vertical com-

. 1 H 
ponent (P v). The horizontal component Ph= I Yw H2

, acts at 3 from the base ; and the 

vertical component cPv) is equal to the weight of the water stored in column ABCA and 
acts at the e.g. of the area. 

Similarly, if there is tail water on the downstream side, it will have horizontal and 
vertical components, as shown in Fig. 19.2, (b). 

Fig. 19.2 (b) 

(2) UpHft Pressure. Water seeping through the pores, cracks and fissures of the 
foundation material, and water seeping through dam body and then to the bottom through 
the joints between the body of the dam and its foundation at the base ; exert an uplift 
press-tire- ori the base of the dam. It is the second major-e)aernalforce anom-1.lsf be
accounted for in all calculations. Such an uplift force virtually reduces the downward 

. weight of the body of the dam and hence, a"ts against the dam stability. 

The amount of uplift is a matter of research and the present recommendations which 
are followed, are those suggested by United States Bureau of Reclamation (U.S.B.R.). 
According to these recommendations, the uplift pressure intensities at the heel and the 
toe should be taken equal to their respective hydrostatic pressures and joined by a 
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/!---No drainage . 
. . g_?ller~,. ;~---...~~= 

J--'1----.i ' . " " : .. ' ·. , .... 
-... - .. 

Pu 

Fig. 19.3 (a) Uplift pressure (U) diagram, 
when no drainage gallery is provided. 

Fig. 19.3 (b) Uplift pressure (U) diagram, 
when drainage gallery is provided. 

straight line in between, as shown in Fig. 19.3 (a). When drainage galleries are provided 
to relieve the uplift, the recommended uplift at the face of the gallery is equal to the 
hydrostatic pressure at toe (Yw · H') plus trd the difference of the hydrostatic pressures 

at the lieel and the toe ; as shown in Fig. 19.3 (b) ; i.e. [ Yw · H' + t (Yw · H -Yw 'H') J It 
is also assumed that the uplift pressures are not affected by the earthquake forces. 

The uplift pressures can be controlled by constructing cut-off walls under the 
upstream face, by constructing drainage channels between the dam and its foundation, 
and by pressure grouti'"g the. foundation. 

. . 

(3) Earthquake Forces. If the dam to be designed, is to be located in a region which 
is susceptible to earthquakes, allowance must be made for the stresses generated by the 
earthquakes. 

An earthquake produces waves which are capable of shaking the Earth upo~ which 
the dam is resting, in every possible direction. 

The effect of an earthquake is, therefore, equivalent to imparting an acceleration to. 
the foundations of the dam iri the direction in which the wave is travelling at the moment. 
Earthquake wave may move in any direction, and for design purposes, it has to be 
resolved in vertical and horizontal components. Hence, two accelerations, i.e. one 
horizontal acceleration (ah) and one vertical acceleration (av) are induced by an 
earthquake. The values of these accelerations are generally expressed as percentage of 
the acceleration due ·tO gravity (g};i:-e:-a--0~1-g-or 0.-2-g, etc ... _________ ---...:C-~---

ln India, the entire country has been divided into five seismic zones depending upon 
the severity of the earthquakes. Zone Vis the most serious zone and includes Himalayan 
regions of NortJ::i India. A map and description of these·zones is available in "Physical 
and Engineering Geology" (1999 edition) by the same author, and can be referred to, in 
order to obtain an idea of the value of the a which should be chosen for designs. On an 
average, a value of a equal to 0.1 to 0. 15 g is generally sufficient for high daqs in 
seismic zones. A vaiue equal to 0.15 g has been used in ~hakra dam design, and 0.2 g 
in Ramganga -dam design. However, for areas not subjected to extreme earthquakes, 
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ah= 0.1 g and av= 0.05 g may by used. In areas of no earthquakes or very less 
earthquakes, these forces may be neglected. In extremely seismic regions and in con
servative designs, even a value upto 0.3 _g may sometimes be adopted. -

Effect of vertical acceleration (CXy). A vertical acceleration may either act 
downward or upward. When it is acting in the upward direction, then the foundation of 
the dam will be lifted upward and becomes closer to the body of the dam, and thus the 
effective weight of the dam will increase and hence, the ~tress developed will increase. 

When the vertical acceleration is acting downward, the foundation shall try to move 
downward away from the dam body ; thus reducing the effective weight and the stability 
of the dam, and hence is the worst case for designs .. 

Such acceleration will, therefore, exert an inertia force given by 

W CXy (i.e. force= Mass x Acceleration) 
g 

where W is the total weight of the darn. 

:. The net effective weight of the dam= W- W ·av. 
g 

If 

[where kv is the fraction of gravity adopted for ver
tical acceler-at:ion, such as 0.1 or 0.2, etc.]. 

Then, the net effective weight of the darn 

= W - W · ky · g = W [ 1 - kvJ. 
g 

In other words, vertical acceleration reduces the unit weight of the darn material 
and that of water to (I - ky) times their original unit weights. 

Effects of horizonta{acceieration. (ah). Horizontal acceleration may cause the 
·following two forces : 

(i) Hydrodynamic pressure ; and 
(ii) Horizontal inertia force. 
Both these forces are discussed below : 

\

1 

(i) Hydrodynamic pressures. Horizontal acceleration acting towards the reservoir 
' ;:f: causes a momentary increase in the water 

:::--.=::::-=-- =--H::-: j,:::·t:':{.·'.;l·.·:j:·,;,.:':··. ~:~:::r~~o~a:~; t~~~::::~~: :~~ t~::a~~~ 
·;, - resists the movement owing to its inertia. 

· · ... · The extra pressure exerted by this process 

A.H=0·424H 31r . -. .. -·,__ __ _ l (:{':oJ.;\,,, is known as hydrodynamic pressure. 

-f._·'.~·::·~,~~-~~;'A, According to Von-Karman, the 
..._ ....... - __.v_...'-·~~ amounrof'tnirhydrodynamiG-force (Ee)_i:i. 

\.o:--Pe-j 
Hydrodynamic given by. 
prizssure distr'1bution 2 

Sh . d 1 f Pe= 0.555. kh Yw. H ... (19.1) 
Fig. 19.4. owmg eve opment o 

Hydrodynamic pressure by a horizontal and it acts at the height of 43Hrc above the 
earthquake moving towards the reservoir. A 
similar pressure will be developed on dis tail base, as shown in Fig. 19.4. 

water when th~ earthquake is reversed. 
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where kh is the fraction of gravity adopted for 
horizontal acceleration, such as 0.1, 0.2 
etc. 

Yw = unit wt. of water 

Moment of this force about base 

=Me= Pe (~!J= 0.424 Pe. H ... (19.2) 

Zanger.has given certain-big.formulas for evaluating theamoi.mLoLthis force and_ 
its· position, etc. on the vertical as well as on an inclined faces. The results of these big 
formulas are quite comparable to those given by Von-Karman equation and hence, for 
average ordinary purposes, the Von-Karman equation (19.1) is sufficient. 

Zanger's formula for hydrodynamic force. According to Zanger 

Pe= 0.726pe · H 
where Pe =-Cm kn · Yw · H 

Pe= 0.726 Cm. kh. Yw. H2 

... (19.3) 

... (19.4) 

... (19.5) 

where Cm= Maximum value of pressure co-efficient 
for a given constant slope 

= 0.735(9
9
0
°} ... (19.6) 

where~ is the angle in degrees, which the 
u/s face of the dam makes with the 
horizontal. 

kh = fraction of gravity adopted for horizontal 
acceleration (a.J such as ah= kh · g _ 

Yw = unit w.t. of water 

The moment of this force about the base is given as : 

or 

Me= 0.299 Pe· H2 

p 
= 0.299 0.?2~. H · H 

Me=0.412Pe·H 

It was further stated, that 
if the upstream face is partly .;,:_ ·. 
inclined (Fig. 19.5 _a), V.:.hich ~ /.' _ _._ 

--aoes not extendto more-tliruf-'t~-~-'" {~ · --
half the depth of the reservoir, H_.:h ;.~-; "·~
it can be taken as vertical. If u· ~: ::.:··::: 
the slope extends to more than/ H .f:~:··:.>""'.~~ .. :-. 
halfthedepth(Fig.19.5b),the_.· <2: ~:>.-.:._-~ ~~::'~': 
overall slope up to the whole -• 1 • .. ~ • -. • ... • .. 

height may be taken as the Slope to. be 0 

l f e . . (l
9 6

) neglected :. 9=90 va ue o m equat10n . ' 
above. (a) 

Fig. 1,9.5 

... (19.7) 

... (19.8) 

(b) 



DESIGN AND CONSTRUCTION OF GRAVITY DAMS 989 

Zanger's formulae are given in details in U.S.B.R. publication on design of small 
dams, which may be referred to in particular special needs. 

(ii) Horizontal Inertia Force. In addition to exerting the hydrodynamic pressure, the 
horizontal acceleration produces an inertia force into the body of the dam. This force is 
generated in order to keep the body and the foundation of the dam together as one piece. 
The direction of the produced force will be opposite to the acceleration imparted by the 
earthquake. 

Since an earthquake may impart either upstream or downstream acceleration, we 
have to choose the direction of this force _in our stability analysis of dam structure, in 
such a way that it produces most unfavorable effects under the-co~sidered cOnditions. 

Say for example, when the reservoir is f1Jll, this force would produce worst results 
if it additive to the hydrostatic water pressure, thus acting towards 'the downstream (i.e. 
when upstream earthquake acceleration towards the reservoir is produced). When the 
reservoir is empty, this force would produce worst results, if considered to be acting 
upstream (i.e. when earthquake acceleration, moving towards downstream, is produced). 

Under reservoir empty conditions, earthquake forces produce effects, which may 
cause slight tension near the toe ; and hence stability analysis for reservoir empty case 
may be carried out only on the basis of wt. of the dam by ignoring earthquake forces 
and keeping the section free from any tension. However, for all precise designs, these 
forces must be fully considered, as we have done in example 19.2. 

The amount of this horizontal inertial force is equal to the product of the mass of 
the dam and the acceleration. 

:. This horizontal Inertia force 

=(:)ah= :·kh·g=W·kh ... (19.9) 

(where kh is the fraction of gravity adopted for 
horizontal acceleration, such as 0.1, or 0.2, etc.). 

This force should be considered to be acting at the centre of gravity of the mass, 
regardless of the shape of the cross- section, a~d it acts horizontally downstream in worst 
cases, for reservoir full case. 

(4) Silt Pressure. It has been explained under 'Reservoir Sedimentation' in chapter 
18 that silt gets deposited against the upstream face of the dam. If his the height of silt · 
deposited, then the force exerted by this silt in addition to external water pressure, can 
be represented by Rankine's formula as : · -

Psilt = _! · Ysub · h2 Ka and it acts at!!:._ from base ... (19.10) 
2 3. 

where Ka is the coefficient of active earth pressure 
1- sin<!> . 

-ofsilt 
1 

. ;;; where-<1>-1s-the angle_ of . _ 
+sm't' 

internal friction of soil, and cohesion is 
neglected. 

Ysub = sµbmerged unit weight of silt material. 

h = height of silt deposited. 

If the upstream face is inclined, the vertical weight of the silt supported on the slope 
also acts as a vertical force. 

• 
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In the absence of any reliable data for the type of silt that is going to be deposited, 
U.S.B.R. recommendations may be adopted. In these recommendations, deposited silt 
may be taken as equivalent to a fluid exerting a force with a unit wt. equal to· 3.6 

kN/m3 in the horizontal direction and a vertical force with a unit wt. of 9.2 kN/m3
. 

Hence, the total horizontal force will be 3.6 ~
2 

= 1.8 h2 kN/m run, and vertical force will 

h2 
be 9.2 · T = 4.6 h2 kN/m run. 

In most of the gravity-dam designs, the silt pressure is neglected. The basis for 
neglecting this force.is that : 

Initially, the sili load is not present, and by the time it becomes significant, it gets 
consolidated to some extent and, therefore, acts less like a fluid. Moreover, silt deposited 
in !he reservoir is somewhat impervious and, therefore, will help to minimise the uplift 
under the dam. -

(5) Wave .Pressure. Waves are generated on the surface of the reservoir by the 
blowing winds, which causes a pressure towards the downstream side. Wave pressure 
depends upon the wave height. Wave height may be given by the equation, 

hw = 0.032 ~ + 0.763 - 0.271 (F)314 for F < 32 km, and 

hw = 0.032 ..fV:F" for F > 32 km 

... (19.11) 

... (19.12) 

where hw = height of water from top of crest to bot
tom of trough in metres. 

V = wind velocity in km/hr. 
F = Fetch or straight length of water expanse 

in km. 

The maximum pressure intensity:due to wave-caction may by- given by 

hw 
Pw = 2.4 'Yw · hw and acts at 2 metres above the still water surface. 

Sh 
The pressure distribution may be assumed to be triangular, of height 

3 
w, as shown 

in Fig. 19.6. 

Fig. 19.6 · 

Hence, the total force due to wave action (P w) 

1 5 
= l (2.4 'Yw · hw) · 3 · hw 
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or Pw=2 · Yw · h~=2x 9.81 ~ kN/m 

= 19.62h~ kN/m ... (19.14) 

This force acts at a distance i hw above the reservoir surface. 

(6) Ice Pressure. The ice which may be formed on the water surface of the reservoir 
in cold countries, may sometimes melt and expand. The dam face has then to resist the 
thrust exerted by the expanding ice. This force acts linearly along the length of the dam 
and at the reservoir level. The magnitude of this force varies from 250 to 1500 kN/m2 

depending upon temperature variations. On an average, a value of 500 kN/m2 may be 
allowed under ordinary conditions. 

(7) Weight of the Dam, The weight of the dam body and its foundation is the major 
resisting force. In two dimensional analysis of a gravity dam, a unit length of the dam 
is considered. The cross-section can then be divided into rectangles and triangles. The 
weight of each along with their c.gs., can be determined. The resultant of all these 
downward forces will represent the total weight of the dam acting at the e.g. of the dam. 

Combination of forces for Designs. The design of a gravity dam should be checked 
for two cases, i.e. (i) when Reservoir is full ; and (ii) when Reservoir is empty. 

(i) Case I. Reservoir full case : 

When reservoir is full, the m~jor forces acting are : weight of the dam, external 
water pressure, uplift pressure, and earthquake forces in serious seismic zones. The 
minor forces are : silt pressure, ice pressure and wave pressure. For the most conserva
tive designs, and from purely theoretical point of view, one can say that a situation may 
arise when all the forces may act together. But such a situation will never arise and 
hence, all the forces are not generally taken together. U.S.B.R. has classified the 'normal 
load combinations' and 'extreme load combination, as given below : 

(a) Normal Load Combinations 

(i) Water pressure upto normal pool level,. normal uplift, silt pressure and ice 
pressure. This class of loading is taken when ice force is serious. 

(ii) Water pressure upto normal pool level, normal uplift, earthquake force.s, and 
silt pressure. 

(iii) Water pressure upto maximum reservoir level (maximum pool level), normal 
uplift, and silt pressure. 

(b) Extreme Load Combinations 

(i) Water pressure due to maximum pool levcl, extreme uplift pressure witho_ut any 
reduction due to drainage and silt pressure. -

Case II. Reservoir empty case : 

(i)- Empty rese-rvo1r -w-ithout eartlicfuake- fotce-s-ro-be-computed-for-determining
bending diagrams, etc. for reinforcement design, for grouting studies or other puiyoses. 

(ii) Empty reservoir with a horizontal earthquake force produced towards the 
upstream has to be checked for non- development of tension at toe. · 

19.4. Modes of Failure and Criteria for Structural Stability of Gravity Dams 

A gravity dam may fail in the following ways : 

(1) By overturning (or rotation) about the toe. 
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(2} By crushing. 
(3) By development of tension, causing ultimate failure by crushing. 

( 4) By shear failure called sliding. 

The failure may occur at the foundation plane (i.e. at the base of the dam) or at any 
other plane at higher level. 

(lj Over-turning. If the resultant of all the- forces acting on a dam at any of its 
sections, passes outside the toe, the dam shall rotate and overturn about the toe. Practi
cally, such a condition shall not arise, as the dam will fail much earlier by compression. 
The ratio of the righting moments about toe (anti clockwise) to the over turning moments 
about toe (clock-wise) is called the factor of safety against overturning. Its value, 
generally varies between 2 to 3. 

(2) Compression or crushing. A dam may fail by the failure of its materials, i.e. 
the compressive stresses produced may exceed the allowable stresses, and the dam
material may get crushed. The vertical direct stress distribution at the baseis given by 
the equation : 

or 

p =Direct stress+ Bendihg stress. 

= L.V + M = L.V + L.V · e = L.V [i + 6e] 
Pma_x B - I y B - 2 B - B mm B 16 

··· .r.v[ 6e] 
Pm~=B l±B 

mm 

... (19.15) 

where e = Eccentricity of the resultant force from 
the centre of the base. 

L.V = Total vertical force. 
· B = Base\.VidtH. -·-· · 

Note. Resultant is nearer the· toe and hence, 
maximum compressive stress is produced at the toe 
(Reservoir full case) 

Heel · Toe 

l-~ ·I·~~~ 

· · / + l:imax 
.L Comp. · J_ 

. PmirP~.!TaxH-
1t+ver~· 3 

Pmin - . 
. if -vet Tension · 

Fig. 19. 7. (a) Vertical Stress Distribution for Reservoir Full case. 

The maximum stress, i.e. Pmax• will be produced on the end which is nearer to the 
resultant, as shown in Fig. 19.7 (a) and (b). 
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Not.,, The resultant is nearer the heel and hence, 
maximum compressive stress (+ve stress) is 
produced at the heel (Reservoir empty with 
horizontal earthquake wave moving away from 
reservoir-case). 

Fig. 19.7. (b) Vertical Stress Distribution for Reservoir Empty case. 
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If Pmin comes out to be negative, it means that tension shall be produced at the 
appropriate end. 

If Pmin exceeds the allowable compressive stress of dam material [generally taken 
as 3000kN/m2 (30 kg/cm2

) for concrete]; the dam may crush and fail by crushing. 

(3) Tension. Masonry and concrete gravity dams are usually designed in such a way 
that no tension is developed anywhere, because these materials cannot withstand sus-

. tained tensile stresses. If subjected to such stresses, these materials may finally crack. 
However, for achie.vingeq:mo:ro.y in _desig_11~ of very high gravity dams, certain amount 
of tension may be permitted under severest loading condition:· TuiS iriay be permitted. 
because of the fact that such worst loading conditions shall occur only momentarily for 
a little time and would neither last long nor occur frequently. The maximum permissible 
tensile stress for high concrete gravity dams, under worst leadings, may be taken as 
500 kN/m2 (5 kg/cm2

). 

Effect produced by tension cracks. In a dam, when such a tension crack develops, 
say at the heel, crack width (or strictly speaking crack-area) looses contact with the 
bottom foundations, and thus, becomes ineffective. 

Hence, the effective width B (considering unit length) of the dam base will be 
reduced. This will increase Pm= at the toe. 

-· · ~-Mereever,-the--upli.ft...pressure_diagram_geJs_IDodified due. to crack formation, as 
shown in Fig. 19.8, resulting in an increase in the uplift. Since the uplift increases and 
the net effe~tive downward force reduces, the resultant will shift more towards the toe 
and thus further increasing the compressive stress at the toe and further lengthening the 
crack due to further tension development. The process continues ; the effective base 
width goes on reducing and compressive· stress at the toe goes on increasing ; finally 
leading to the failure of the toe by direct compression. Hence, a tension crack by itself 
does not fail the structure, but it leads to the failure of the structure by producing 
excessive compressive stresses. 
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ABC= old uplift diagram 
A'B'C =New uplift diagram after 

the crack AA'; has devloped. 

Fig. 19.8 

In order to ensure that no tension is developed anywhere, we must ensure that 
Pmin is at the most equal to zero. 

or 

or 

_ LV[ + 6e] Pm~x- B l _ B 
mm 

Since 

If 

Pmin = ~ [ 1 - ~] 
Pmin=O, 

~[1-~J=o 
l -6e = 0 

B 
B 

e=6· 

... (19:15) 

Hence, maximum value of eccentricity that can be permitted on either side of the, 

centreis-equano ~;·which lecads to the famous statement : the resultant must. lie wiihin 

the middle third. 

(4) Sliding. Sliding (or shear failure) will occur when the net horizontal force above 
any plane in the dam or at the base of the dame exceeds the· frictional resistance 
developed at that level. 

The friction developed between two surfaces is equal to 
µIV., (Fig. 19.9) where LV is the algebraic sum of all the External forces :rn 
vertical forces whether upward or downward, and µ is the x 
coefficient of friction between the two surfaces. In order that V 

no sliding takes place, the external horizontal forces (rH) 
must be l.ess than the shear resistance µ · LV. "<" 

. . . . · .. . . . µ"V=DeveloQed friction 
-or-----~-H-<·1::d~-V-. ~-----:----------·----------·-·----------. ---·- ·· · ..... 

µ~V Fig. 19.9 

or L:>l 1 j 

µ ;;;v represents nothing but the factor of safety against sliding, which must be greater 

than unity. 

:. F.S.S. (Factor of safety against sliding)= µ ~~V· 
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In low dams, the safety against sliding should be checked only for friction, but in 
high dams, for economical precise designs, the shear strength of the joint, which is an 
additional shear resistance, must also be considered. If this shear resistance of the joint 
is also considered, then the equation for factor of safety against sliding which is 
measured by shear friction factor (S.F.F.) becomes 

S FF = µLV + B · q 
. . . LH ... (19.16) 

where B = width of the dam at the joint, 
q = Average shear strength of the joint which 

varies from about 1400 kN/m2 

(14 kg/cm2
) for poor rocks to about 4000 

kN/m2 (40 kg/cm2
) for good rocks. 

The value ofµ generally varies from 0.65 
to 0.75. 

Attempts are always made to increase this shear strength (q) at the base and at other 
joints. For this purpose, foundation is stepped at the base, as shown in Fig. 19.10 and 
measures are taken to ensure a better bond between the dam base and the rock-foundation. 

During the construction of a dam, 
horizontal joints have to be left as shown ="=-=''=°'=-=:-=--=--::1 

Horizontal 
Joints 

in Fig. 19.10. The shear strength of these 
joints should be made as good as possible - - - - -
by ensuring better bond between the two 
surfaces. For this purpose, the lower sur
face must be thoroughly cleaned and a 
layer of neat cement or rich cement mortar 
should qe spread before pouring the stan_d::-
ard concrete mix for the upper layer. If 
these precautions of quality control are not 
adhered to in the filed, the assumption 

Fig. 19.10 

made in accounting for this shear strength in the design, will not be justified. That is 
why, for small dams, where quality control is less, this shear strength of the joint is not 
taken into account at all, while determining the shear friction factor or factor of safety 
·against sliding. 

19.4.1. Principal and Shear Stresses. The vertical stress intensity, Pmax or Pmin 

determined from the equation (19.15) is not the maximum direct stress produced 

Fig. 19.11 (a) 

Small 
element 

ABC 

pv(rnax) 

anywhere in the dam. The maximum nor
mal stress will, in fact, be the major prin
cipaLstress-thaLwiILbe--generated on the 
major principal plane. When the reservoir 
is full, the vertical direct stress [given by 
equation (19 .15), and represented by Pv in 
future] is maximum at the toe as the resul
tant is nearer to the toe. To study the prin
cipal stresses that will develop near the 
toe, let us consider a small element ABC 
[See Fig. 19.11 (a) and (b)] near the toe of 
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the dam. The element is so small 
that the stress intensities may be 
assumed to be uniform on its 
faces. 

Let the downstream face of 
the dam be inclined at an angle a 
to the vertical. 

This face of the ciam will act 
as a principal plane because the 
water pressure p' acts at right 
angles to the face, and also there 
is no shear stress acting on this 
plane. Since the principal planes 
are at right angles to each other ; 
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1'. Shear P'll'"db 
stress db-------; 

Fig. 19.11. (b) Enlarged view of small 
element ABC of Fig. 19.11 (a). 

the plane BC drawn at right angles to the face AB will be the second principal plane. 
Let the stress acting on this plane be cr. -

Let ds, dr and db be the lengths of AB, BC and CA respectively. p' is the intensity of 
water pressure on face AB and Pv is the intensity of vertical pressure on face AC, and cr 
is the intensity of normal stress (principal stress) on face BC. Considering unit length 
of the dam, the forces acting on the faces AB, BC and CA are p' ds, cr dr and JJv · db 
respectively. 

or 

or 

or 

Resolving all the forces in the vertical direction, we get 
p' · ds · sin a+ cr · dr · cos a= Pv · db, 

Now ~~ = sin a, or ds = db · sin a. 

·df. 
db= cos a, or dr= db. c~s a. 

p' · (db · sin a) · sin a+ cr · (db · cos a) cos a= Pv · db 

p' · sin2 a + cr · cos2 a= Pv· 
I • 2 

cr = Pv - p . sm a 
cos2 a 

a = Pv · sec2 a - p' tan2 a I ... (19.17) 

FM cr to be maximum, p' should be zero, i.e. when there is no tail water ; then in 
such a case 
------ -· --·_· -· cr' - py-·-sec2-a _ _ __ _.....:: __ .. _.[12..l]_(q)J __ 

Since sec2 a is always more than 1, it follows, that cr will be more than Pv· This 
value of normal stress, which is ·the maximum produced anywhere in the body of the 
dam, must be calculated and should not be allowed to exceed the maximum allowable 
~~~~ef~~~ II 

If the hydrodynamic pressure (p/) exerted by the tail water during an earthquake . 
moving towards the reservoir is also considered, then the. net pressure on the face. AB 
will be (p' - p/), because the effect of this earthquake will be to reduce the tail water 
pressure. 
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The principal stress (cr) can then be given by 
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or I crattoe =pv. sec2 ex.- (p' - p/) tan2 a. I ... (19.18) 

The equation for cr, derived above for the element at the toe is also applicable to 
the element at the heel. The equation at the heel is, therefore, given as : 

cr1 = C1a111u1= p.., · sec2 
<1>- (p +Pe) tan2 

<l> ... (19.19) 
where cl> is the angle which the u/s face makes with vertical. 

But at the heel, the pressure of water pis always more than cr, and hence, p will be 
the minor principal stress at the heel. -

Shear stress on the horizontal plane near the toe. A shear stress 't will act on the 
face CA on which the vertical stress.is acting. Resolving all the forces [Fig. 19.11 (b)] 
in the horizontal direction, we get 

cr · dr sin ex. - p' · ds · cos ex. = 'to · db 
_ or cr · (db· cos ex.) sin ex. - p' (db· sin c:l) cos ex.= 'to· db 

or cr · sin ex. cos ex. - p' sin ex. cos ex.= 'to 

_ or 'to = ( cr - p') sin ex. c.os ex. 

Substituting the value of cr from equation (19.17), we get 

'to= [ Pv sec2 ex. - p' tan2 ex. - p' J sin ex. cos ex. 

'to= [Pv sec2 ex. - p' (1 + tan2 ex.)] sin ex. cos ex.~ [ (pv - p') sec2 ex. J sin ex. cos ex. 

or = [(pv - p') sec2 ex. · sin ex. · cos ex.} 

or / 't=(pv-p')fancx. I ... (19.20) 

-- Neglecting tail water, s_hear stress is giv~n by 
'to= Pv ·.fan ex. ... [19.20 (a)] 

If the effect of hydrodynamic pressure produced by an earthquake moving towards 
the reservoir, is also considered, the equation for shear stress on .a horizontal plane near 
the toe becomes, 

'to=[pv-(p'-p/)]tana ... (19.21) 

. Similarly, shear stress at heel 

- = 'to (heel) ~ [Pv - (p +Pe) l tan <1> 

-ve sign shows that the direction is reverse-3. 

Example 19.1. Fig. 19.12 (a) shows the sec
tiOn of a gravity dam (non-overflow portion) 

- _I Li_m -Max. W. L. --,.., 1 . 
R.Lc285·0 --R.L.=289·0 

=--=--;_-,..= .::."':.. \ 

-built-'ofconaete. ----------------~----i 

Calculate (neglecting earthquake effects) 

(i) The maximum vertical stresses at the 
heel and toe of the dam. 

(ii) The major principal stress at the toe of 
the dam. 

(iii) The intensity of shear stress on a 
horizantal plane near the toe. 

R.L~~Q~·.9~---·-----

~sGrrr-1 
Fig. 19.12 (a) 
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Assume weight of concrete = 23.5 kN!m3
; and unit length of dam. Allowable stress 

in concrete may be taken 2500 kN!m2 

Solution. Assuming Yw = 9.81 kN/m3
; the various forces acting on the dam are 

drawn in Fig. 19.12 (b). 

u/s 

H=80m 

_L_ 6rn/-
4m . , 

D/S 

U4 

U3 

fw.H'+~('(v,. H-rwH
1
J 

=9·81 [6 .. ~ (80- 6J] =300·8 kN/m2. 

Fig. 19.i2 (b) 

Consider 1 m length of the dam. 

75rn. 

The various forces and their moments al:iout the toe are then calculated and tabulated 
in Table 19 .1. From this table, we have 

Distance of resultant from the toe 

(X)=LM 
LV 

= 7,77,639kN · m = 18 06 43050kN · m 

--H---Eec-entrrcity =-'-e= 526 
- 18-:-06 = 28-:"-rs~o6-=9~94_m _ 

Vertical stress Pv is given as : 

= Lvr1+6e] 
Pv B I - B 

L 

Pv= 43~~~kN [1±6 X~94] = 768.8(1±1.065) 

. " 
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Table 19.1 
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Name of Designation Magnitude in Lever arm Moments about toe in 
the force if given kN inm kN.m 

Vertical forces 

Downward weight W1 (+) 84 x 6 x 1 x 23.5 = 11,844 53.0 (+) 6,27,732 
of the darn 

Wz (+) tx50x75x 1 x23.5=44,063 33.33 (+) 14,68,620 

Weight of water - (+) tx4x6x 1 x9.81 =118 1.33 (+) 157 
supported.on.d/s face 

- . ·--- -- - . 

l:Vi =56,025 l:M1 = (+) 20,96,509 

Uplift pressures U1 (-) 300.8 x 8 x 1 = 2406 52.0 (-) 1,25,112 

~· U2 (-) t x 484 x 8 x 1 = 1936 53.33 (-) 1,03,247 

U3 (-) 58.9 x 48 x 1 = 2827 . 24.0 (-) 67,848 
' 

U4. (-) t x 241.9 x 48 x 1=5806 32.0 (-) 1,85,792 

rvz = (-) 12,975 l:M2 = (-) 4,81,999 

l:V= 56,025- 12,975 = 43050 

Horizonal 
Water pressure 

On u/s face p t x 784.8 x 80 x 1=31,392 26.67 (-) 8,37,225 

On d/s face P' (-) tx58.9x6=(-) 177 2.0 (+) 354 

l:H (towards downstream)= 31,215 r = (-) 8,36,871 

rM =Net(+) moment= 20,96,509- 4,81,999- 8,36,871=7,77,639 kN-m 

:. Max. vertical stress= Pmax at toe= 768.8 x 2.065 = 1587.6 kN/m2 l 
. . 2 Ans. 

, r·· Min. vertical stress= Pmin at heel= 768.8 x (-) 0.065 = (-) 49.97 kN/m 

(ii) Major principal stress at toe ( cr) is given by. Eq. (19 .17) as : 
. 2 I 2 

cr = Pv (roe) sec ex - p · tan .ex 

here Pv(roe) = 1587.6kN/m2 

p' = 58.9 kN/m2 

2 
tan ex=-

3 

sec a.2 = 1 + tan2 ex = 1 + ± = .!1 
. 9 9 

. . ·T3--· -· 4------------- ·---~ ---··· .. 
cr= 1587.6x9=58.9x9 

= 2267 kN/m2 < 2500 kN/m2 (OK) Ans. 
(iii) Intensity of shear stress on a horizontal plane near toe is given by equation 

(19.20) 

'to= [Pv<roe) - p'] tan ex 

= 1587.6- 58.9) ~ = 1019.1 kN/m2
• Ans. 
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STABILITY ANALYSIS 

The stability of a gravity dam can be approximately and easily analysed by two 
dimensional gravity method and can be precisely analysed by three dimensional methods 
such as slab analogy method, trial load twist method, or by experimental studies on 
models. Two dimensional gravity method is discussed below : 

19.5. Gravity Method or Two Dimensional Stability Analysis 

The preliminary analysis of all gravity dams can be made easily by isolating a 
typical cross~section of the dam of a unit width. This section is assumed to behave 
independently of the adjoining sections. In other words; the dam is considered to be 
made up of a number of cantilevers of unit width each,. which act independently of e.ach 
other. This assumption of independent functioning of each section, disregards the beam 
action in the dam as a whole. 

If the vertical transverse joints of the dam are not grouted or keyed together, this 
assumption is nearly true. Hence, for wide 'U-shaped valleys, where transverse joints are 
not generally grouted, this assumption is nearly satisfied. But for narrow V- shaped. 
valleys, where the transverse joints are generally keyed together and the entire length 
of the dam acts monolithically as a single body, this assumption may involve appreciable 
errors. In such cases, preliminary designs may be done by gravhy method and· precise. 
final designs may be carried out by any of the available three dimensional methods. 

The description of the three dimensional methods is beyond the scope of this book, 
and only the two dimensional analysis has been used for the design of gravity dams in 
this chapter. · 

Assumptions. The various assumptions made in the two dimensional designs of 
gravity dams are summarised below : 

(i) The dam is considered to be composed of a number Of cantilevers,· each of 
which is 1 m thick and each of which acts independent 6f the other .. 

(ii) No loads are transferred to the abutments by beam action. 

(iii) The foundation and the dam behave as a single unit ; the joint being perfect. 

(iv) The materials in the foundation and body of the dam are isotropic and 
homogeneous. · 

(v) The stresses developed in the foundation and body of the dam are within elastic 
limits. 

(vi) No movements of the foundations are caused due to transference of loads. 

(vii) Small openings made in the body of the dam do not affect the general distribu- l 
tion of stresses and they only produce local effects as per St. Venant's prin-

i ciple. J 

-· ·_. __ . ·-Pr0-cedure-;-1'wo"'dimerrsional analysis can be carried out analytically or graphically~~· ---~-[-
(a) Analytical Method. The stability· of the dam can be analysed in the following r 
. . . . I 

steps : · . ·· · . . / 
. . . . I 

(i) Consider unit length of the dam. ;j 
(ii) Work out the magnitude and directions of all the vertical forces acting on the tl 

dam and their algebraic sum, i.e. I:V. ; 
(iii) Similarly, work out all the horizontal forces .and their algebraic sum, i.e. !H. I ,, 

, 
:~ 
11 
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(iv) Determine the lever arm of all these forces about the toe. 

(v) Determine the moments of all these forces about the tbe and find out the 
algebraic sum of all those moments, i.e. LM. · 

(vi) Find out the location of the resultant force by determining i~s distance from 
the toe, 

- LM 
x= I:V" 

.(xii). Find out the eccentricity (e) of the resultant (R).usinge_= ~ - x. It must be less 

than B/6 in order to ensure that no tension is developed anywhere in the dam. 

(viii) Determine the vertical stresses at the toe and heel using Eq. (19.15), i.e. 

Pv=~[l ± ~] ... (19.15) 

Sometimes stresses are found by ignoring uplift. 

(ix) Determine the maximum normal stresses, i.e. principal stresses at the toe and 
the heel using equations (19.18) to (19.20). They should not exceed the max
imum allowable values. The crushing strength of concrete varies between 1500 
to 3000 kN/m2 depenting upon its grade M15 to M30. 

(x) Determine the factor of safety against overturning as equal to 
I: Stabilising moment(+) . . . . 
~ . b' ( ) ; +ve sign is used for ant1-clockw1se moments and 
~ D1stur mg moment -
-ve sign is used for clockwise moments. 

(xi) Determine the factor of safety against sliding, using Sliding factor = 'W'·. 
-... -. -.. -c:=---- -- ·- - ·-- -. -.- -- --- H ----- ---,=-f:LLV+ bq--

Shear fnct10n factor (S.F.F.) - I:H . 

Sliding factor must be greater than unity and S.F.F. must be greater than 3 to_ 
5-· The analysis should be carried out for reservoir full case as well as for 
reservoir empty case. The entire procedure has been illustrated in example 

19.2. -1·~H1~r--
(b) Graphical method. 

In the graphical method, the 
entire dam section is divided 
into a number of horizontal 
sections at some suitable in
tervals, particularly at the 

~--p~laces where the sfope clia:n-
. ges, as shown in Fig. 19.13. 
For each section, the sum of 
the vertical forces (I:\!) and 
the sum of all the horizontal 
forces (LH) acting above that 
particular section, are 
worked out and the resuitant 
force (R) is drawn, graphi-

- - - - - - --- - - - - --1--+~---t 

Line of resultant 
force when the 
reservoir is empty 

Outer middle 
third line 

- Line cf resultant 
force when the _ 

· - -r-e-servoTr'Ts-ruT1~--------

~t------~ ---
Fig. 19.13 
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cally. This is done for each section and a line joining all the points where the individual 
resultants cut the individual sections, is drawn. This line represents the resultant force 
and should lie within the middle third, for no tension to develop. The procedure should 
be carried out for reservoir full case as well as for reservoir empty case. The resultant 
in both cases must show non-development of tension in the dam body. 

19.6. Elementary Profile of a Gravity Dam 
The elementary profile of a dam, subjected only to the external water pressure on 

the upstream side, will be a right-angled triangle, having zero width at the water level 
and a base width (B) at bottom i.e., the point where the maximum hydrostatic water 
pressure acts. In other words, the shape of such a profile is similar to the shape of the 
hydrostatic pressure distribution (Fig. 19.14). 

P= External watar pressure or 
Hydrostatic water pressure 

TL __ 
H 

t r------..i 
Li=Interncl wcte:r 

I pressure or uplift 
~•~~~-B~~~~~ 

Fig. 19.14 

Toe 

When the reservoir is empty, the only single force acting on it is the self-weight 
CW) of the dam and it acts at a distance B/3 from the heel. This is the maximum possible 
innermost position of the resultant for no tension to develop. Hence, such a line of action 
of Wis the most ideal, as it gives the maximum possible stabilising moment about the 
toe without causing tension at toe, when the reservoir is empty. The vertical stress 
distribution at the base, when the reservoir is empty, is given as : 

or 

Pmax/min= ~[l± ~] 
Here I.V=W 

B 
e=6· 

·- - - - . 

· W[ 6·B] Pmax/min =B 1±B. 6 

2W 
Pmax=B 

and Pmin=O. 

Hence, the maximum vertical stress equal to 
2
');' will act at the heel(": the resultant 

is nearer the heel) and the vertical stress at toe will be zero. 
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J _, 
I 

I 
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When the reservoir is full, the bpse width is governed by·: 

(i) The resultant of all .the forces, i.e .. P, Wand U (Fig. 19.14) passes through the 
outer most middle third point (i.e. low.~r middle third point). 

(ii) The dam is safe in sliding. 

(i) For the 1st condition to be satisfied, we proceed as follows : Taking moments 
of all the forces (Fig. 19.14) about the lower middle third point (i.e. the point through 
which resultant is passing), we get 

w(j)- u(j)-P~ =Rxo 

B H 
or (W-U)3-P3=0 

But 
1 

W=
2

xBxBx 1 xScX"fw 

where Sc= Sp. gravity of concrete, i.e . . that of the 
material of the dam. 

'Yw = unit wt. of water = 9 .81 kN/m3 

Let the uplift at the heel be C · 'Yw · H., where C is a constant which according to 
U.S.B.R. recommendation is taken equal to 1.0 in calculation and will be equal to zero 
when no uplift is considered. 

and .. 
-

B H · 
:. Equation (W- U) 3'- P 3 = 0, becomes 

[
l_ B. H. S ·"f _ l. C."' . H. B ·] !!.. _ 'Yw H2 . H = 0 
2 .C W 2 IW 3 2 3 

or 
B 1 YwH3 

3x2B · H· 'Yw ·[Sc-CJ =-
6

-

or B2 (Sc - C) = H2 

or IB~~ ... (19 .22) 

--H~-~~. if Bis ~ken equal to-or-greater tfiari~S1:_-C' ·noteh.sion will be developed 
c 

at the heel with full reservoir, 
when C=l 

H 
B= ~S -1 

c 

If uplift is not considered, B = 4 ( ·. · C = 0) 
. '\/Sc 

... (19.22 (a)] 

... (19.22 (b)] 

4541; 
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(ii) For the II condition (i.e. dam is safe in sliding) to be satisfied ; the frictional 
resistance µLV orµ (W - U) should be equal to or more than the horizontal forces 
LH==P. 

or · 

or 

or 

ot 

or 

or 

Under limiting condition 

I B~ µ(s7-CJ 

IfC==l B== H 
µ(Sc - 1) 

If C == 0, i.e. no uplift is considered, then 

B > _!!_ 
- µSc 

... (19.23) 

... [19.23(a)] 

... [19.23(b)] 

The value of B chosen should be greater of the two values given by Equations 
(19.22) and (19.23). 

Using Sc= 2.4 andµ== 0.7-and C == 0, we get 

B (by Equation 19.22) = -.J
2
.:_ 

0 
-.j~4 

H H H 
B (by Equation 19.23) = 0_7 x (Z.4- O) = 0 _7 x 2.4 - 1 _68 

B .H . l h H ut 1.68 is ess t an -.J2.4 

:. For all practical purposes, the base width may be taken as _ ~ 
'i~c 

The vertical stress distribution when reservoir is full is given as : 

--·- -~--~---------:·~·1:V-[r+-6e_J __ : .-:---·--·· 
Pmax1mrn B - B 

where l:V= W- U 

- --- - _________ · ~-

= (l B · H · 1 · S · v _ l C · '\/ · H · B) . 2 C IW 2 IW 

1 = 2 B . Yw . H. [Sc - C] 

B 
e=-

6 
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1 
2. B . 'Yw. H (Sc - C) [ 6B] 

· • Pmax!min = B 1 ± 6B 

maximum stress will occur at toe, because the resultant is near the toe. 
1 

~ . . Pmax at toe= l 'Yw · H (Sc - C) 2.0 = 'Yw H (Sc - C) 

J Pv at toe = 'Yw H (Sc - C) I ... (19.24) 

P min at heel::: 0. - -

The principal stress near the toe ( cr) which is the maximum normal stress in the 
dam, is given by Equation (19.17) 

cr = Pv sec2 a - p' tan2 a 
when there is no tail water i.e., p' = 0 

cr = Pv sec2 a 

or 

cr at toe, with full reservoir in elementary profile 

= 'Yw H (Sc - C) sec2 a 
= 'Yw H (Sc - C) [ 1 + tan2 a] 

= 'Yw H (Sc - C) [ 1 + !: ] 
H 

But B= .Ys _ C from Eq. (19.22) 
c 

B2 1 
or-=-

H2 Sc-C 

~~'YwHCSc~C)[1+ s::-~Jc~ -
/a=ywH(Sc-C+ 1) I 

when C= 1, Sc= 2.4 

s(2.4-l+lj 2.4 H 
cr = 'Yw 2.4- 1 j= 1.4 'Yw 

= l.71 "fw H. -

... (19.25) 

The shear stress '.to at a horizontal plane near the toe is given by the equation (19 .20) 
-~--'--as_: __ _ 

, 
""1,/ 

I 

If 

or 

'to= <Pv - p') tan a 
p'=O 
'to = Pv tan a . 

But Pv = 'Yw H (Sc- C) 

'to= 'Yw H (Sc- C) tan a 
B 

'to= 'Yw · H (Sc - C) H 

from Eq. (19.24) 
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=ywHCSc-C) ~S -C 
c 

1 

or ... (19.26) 

19.7. High and Low Gravity Dams 

The principal stress calculated for an elementary profile is given by Equation 
(19.25), i.e. cr = Yw H (Sc - C + 1). The value bf principal stress calculated above varies 
only with H, as all other factors are fixed: 

To avoid dam failure by crushing, the value of cr should be less than or at the most 
equal to the maximum allowable compressive stress of dam material. If f represents the 
allowable stress of the dam material, then the maximum height (Hmax) which can be 
obtained in an elementary profile, without exceeding the allowable compressive stresses 
of the dam material, is given as : 

or 

f ="fw H (Sc- C+ 1) 

H=--~-
'Yw (Sc- C+ 1) 

The lowest value of H will be obtained when C = 0, i.e. when uplift is neglected. 
Hence, for determining the limiting height and to be on a safer side, uplift is neglected. 

Hmax> i.e. maximum possible height is giveri as : 

H =-~--
max Yw (Sc+ 1) 

... (19.27) 

Hence, if the height of a dam having 
an elementary profile of a triangle, is .. -r-- ~ 
more than that given by the Equation I ::\ I H ,, 
(19.27), the .maximum compressive stress H = >,·'· =Total .·: .. ~.·.- .. Hmax max .- .• · .. 
generated will exceed the allowable __ r_ ::;:>.:! height · i-'. _ 

value. In order to keep it safe within rw(Ss+i) }:):>~·- °Jd1~gh : .. :;·., <: _ Limiting point. . . 1 'Low dam .::: ·_.·,. of Low dam 
hm.1ts, extra slopes on the upstream .as J_>)~.":·{:'.\.1 ;_:_:-.:·:· ::.-;.. . I 
well as on the downstream below the · -;-:--- ---- -- t _ - --
limiting height will have to be given, as .:.::.-.·:;.;,:.\~ ~.':\". :-. 
h . p· 5 . , .. 1 '., ·, •. 

s ownm ig.19.1. :·:.-.~-.···. ··::":,'.:·:-. . 
. ~·::::-.~· .. ~· : .... ·-~.,- .. ·, .. ,·.·.,:,,". 

This limiting height (Hma:J given by 
Equation (19.27), draws a dividing line 
between a low gravity dam and a high 

Low gravity dam High gravity dam 
Fig. 19.15 

-----gravity dram, whicfi-are-pUrelYteclinicaneri:trs'-to-differentiate-between t:hem.· 

Hence, a low gravity dam is the one whose height is less than that given by Equation 
(19.27). If the height of the dam is more than this, it is known as a high gravity dam. 

The limiting height of a low concrete gravity dam, constructed in concrete having 
strength equal to 3000 kN/m2 is thus given :-

H = f 
max 'Yw (Sc+ 1) 
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H = f 
max Yw (Sc+ 1) 

where Yw = 9.81 kN/m3 

Sc= 2.4 

f = 3000 kN/m2 

3000 
90m 

9.81(2.4+1) 

19.8. Profile of a Dam from Practical Considerations 

··· .......... 
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The elementary profile of a gravity dam, (i.e. a triangle with maximum water surface 
at apex) is only a theoretical profile. Certain changes will haye !Q_Q~_ ~acie in this profile in 
order to cater to the practical needs. These needs are : (i) providing a straight top width, for 
a road construction over the top of the dam ; (ii) 
providing a free-board above the top water 
surface, so that water may not spill over the 
top of the dam due to wave action, etc. 

The additions of these two provisions, 
will cause the resultant force to shift towards 
the heel. The resultant force, when the reser
voir is empty; was earlier passing through the 
inner middle third point. This will, therefore, 
shift more towards the heel, crossing the inner 
middle third point and consequently, tensiori 
will be developed at the toe. In order to avoid 
the development of this tension, some mason-
ry or concrete will have to be added to the -4,~1.. Ba fsc -~-
upstream side, as shown in Fig. 19.16, which Fig.19.16. 
shows the typical section along with the pos- Typical section of a low gravity dam. 
sible dimensionsthat can be adopted for a low _ . . 
gravity dam section. It should, however, be checked for stability analysis. 

19.9. Design Considerations and Fixing the.Section of a Dam 

The free-board and top width for roadway should be selected as follows : 
(i) Freeboard. The margin between the maximum reservoir level ar:id top of the 

dam is known as freeboard. This must be provided in order to avoid the possibility of 
water spilling ove~ the dam top due to wave action. This can also help as a safety for 
unforeseen flo<?ds, higher than the designed flood. 

The freeboard is generally provided equal to lhw. where h;,_ is given by Equatidns 
. . . 2 

(19.11) and (19.12). However, these days, a free-board equal to 4 to 5% of the dam 
height is provided. 

_._. ~-·--~-JiD T<!P~ '!iclth. The effects produced by the addition of top width at the apex of an 
elementary dam profile; andT!lefr-renieafos are-expliiineaoelOw""':-' c.: - · _c.c.... --·-~-. 

In Fig. 19.17, let AEF be the triangular profile of dam of height H1• Let the element 
ABQA be added at the apex for providing a top width a for a road construction. Let 
M1 and M2 be the inner third and outer third points on base. Thus, AM1 and AM2 are the , I inner third and outer third lines. The weight of the element (W1) will act through the 
e.g. of this triangle, i.e. along C.M. Let CM andAM1 cross at H, and CM and AM2 cross 
atK. 
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Reservoir Empty Case. We know that in the 
elementary profile, the resultant of the forces 
passes through the inner third point when the 
reservoir is empty. In such a case, the addition 
of W1 above the plane GHD will shift this initial 
resultant towards the downstream side because 
W1 lies downstream to the earlier resultant. 
Similarly, the addition of L1 W1 'below the plane 
GHD will shift this initial resultant towards the 
upstream side, causing tension on the 
downstream. Hence, an upstream batter GF' 
will have to be added below the plane GHD as 
shown in Fig. 19.17. 

F' F 

I 

\ 
i 
I 

W1 
\ 
I 

M, Mz E 

Fig. 19.17 

The height Hi' below which this upstream batter is required can be worked out as 
below: 

or 

The·.1.AGD, is governed by Equation (19.22), i.e. 

But 

Also 

H 
B= ...JS -C 

c 

GH=AC=±_a 
3 

2a H{ 
3= 3 . .Ys - c c . 
H1' = 2a · .Ysc - C 

Thus, for height greater than H1', uls batter is necessary. 

... (19.28) 

Reservoir full case. When the reservoir is full, the resultant of all the forces acting 
on the elementary profile passes through the outer third point. When W1 is added to this 
initial resultant at any plane below the plane "PKQ, final resultant will shift towards the 

~- -u{fStream siaeoecauseW1liesup-stream.--of-tne-i:11i:tiirl--resulranc Iri--ordeno-bring ·the 

resultant back to the outer third point from economy point of view, the slope of the d/s 
face may be flattened from QE to QE. 

Thus, an increases in top width, will increase the masonry in the added element and 
incl)'ease it on u/s face, but shall reduce it on dis face. The most economical top width, 
without considering earthquake forces has been found by Creager to be equal to 14% 
of the dam height. Its useful value varies between 6 to 10 m and is generally taken 
approximately equal to W, where H is the height of max. water level above the bed. 
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(i) Provision of a Diversion 
Tunnel •. If geological and. 
topographical conditions are 
favourable, a diversion tunnel or. 
a diversion open channel may be 
constructed to carry the· entire 
flow around the dam site as 
-shown in Fig. 19 .22. The area in 
which construction work has to _ .. 

Diversion tunnel or 
div.izrsfon chann·11:1 

Construction zone 
for Dam 
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take place, is closed by coffer-
~~+--->,"""-.;:.;_-'-'-~--'-,--~~~.J...:.L->,.,~~~~ 

dams. The diversion tunnel or 
channel will start from upstream 
of the upstream cof.fer-dam and 

U/S Coffer-dam 
PLAN 

Fig. i9.22 

will join the river again on the downstream of the downstream coffer-dam, as shown in 
Fig. 19.22. 

(ii) By constructing the dam in two stages. The dam is sometimes constructed in 
two stages. In such a case, the flow is, first of all, diverted and confined to one srde of 

Cofkr dam 

the channel by constructing a selTli
circular type of a coffer-dam as 
shown in Fig. 19.23. The construction 
work can be taken up in the water
free zone. When the work on the 
lower portion of the dam on half of its 
length in one side of the channel gets 

Fig. 19.23 
completed, the remaining half width 

of the channel is closed by a coffer-dam, as shown in Fig. 19.24. The flow is diverted 

River 

Ut5 

Flow through 
sluice way or 
over the d<lm 

Fig. 19.24 · 

\ 
Cottizr dam 

D/s 

Completed portion 
·of the dam 

through the dam outlets or sometimes it may even be allowed to overtop the already 
constructed portion of the dam. The work will continue in the water-free zone. 

19 .12. Construction ofGalleries-in~Gravity'-Dams ~'- "--- - -- -- - - · 

Galleries are the horizontal or sloping openings or passages left in the body of the 
dam. They may run longitudinally (i.e. parallel to dam ax.is) or transversely (i.e. normal 
to dam axis) and are provided at various elevations. All the galleries are interconnected 
by steeply sloping passages or by vertical shafts fitted with stairs or mechanical lifts. 
The size of a gallery will depend upon the size of the dam and the function of the gallery. 

Functions and Types of Galleries in Dams ' 

(1) Foundation Gallery. A gallery provided in a dam may serve one particular 
purpose or more than one purpose. For example, a gallery provided near the rock 
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foundations, serves to drain off the water which percolates through the foundations. This 
gallery is called a foundation gallery or a drainage gallery. It runs longitudinally and 
is quite near to the upstream face of the dam. Its size usually varies from I .5 m x 2.2 m 
to 1.8 m x 2.4 m. Drain holes are drilled from the floor of this gallery after the foundation 
grouting has been completed. Seep<ige is collected through these drain holes. The size 
of the gallery should be sufficient to accommodate atleast a drilling machine. Besides 
draining off seepage water, it m·ay be helpful for drilling and grouting of the foundations, 
when this can not be done from the surface of the dam. 

(2) Inspection Galleries. The water which seeps through the body of the dam.is· 
collected by means of a system of galleries provided at various elevations' (say at heights 
of 15 m or so) and interconnected by vertical shafts, etc. All these galleries, besides 
draining off seepage water, serve inspection purposes. They provide access to the 
interior of the dam and are, therefore, called Inspection galleries. However, galleries in 
dams are seldom provided for purely inspection purposes. They generally serve other 
purposes along with this purpose. Their main functions are summarised below : 

(i) They intercept and drain off the water seeping through the dain oody. 
(ii) They provide access to dam interior for observing and controlling the behaviour 

of the dam. 
(iii) They provide enough space for carrying pipes, etc. during artificial cooling of 

concrete, (see next article). 
(iv) They provide access for grouting the contraction joints when this cannot be 

done from the face of the dam. 
(v) They provide access to all the outlets and spillway gates, valves, etc. by housing 

their electrical and mechanical controls. All these gates, valves, etc. can hence, be easily 
controlled by men, from inside the dam itself. 

(vi) They provide space for drilling and grouting
0 

of the foundations,--then it cannot be 
done fromthe surface-of-the.dam. Generally, thefoundation gallery is used for this purpose. 

Foundation gallery is generally differently named from inspection galleries, al
though strictly speaking, it can also be used for inspection purposes and may be called 
as inspection gallery. 

19.12.1. Cross-sections of Dam Galleries. Dam galleries are formed as the con
crete is placed and its size depends upon the function of the gallery and also upon the 
size of the dam. Certain important shapes of the commonly used galleries are shown 
below in Fig. 19.25. 

The provision of a gallery in a dam body·, changes the normal pattern of stresses in 
the body of the dam. Stress concentration may, therefore, occur at corners, and hence, 
in order to minimise 
this stress c6ncentra-

--tions, the·cori:J.ersmast-- --------- - -----
be rounded smoothly. Drainage 

(

troug.h Tension and compres-
sion zones may be 
worked out and proper 

Rectangular 
reinforcements, etc. are gallery 

provided to. counteract 
them. 

Concrete laid 
afterwards 

Circular gallery 
Paint 

Oval-shaped 
gallery 

Fig. 19.25. Various Types of Dam Galleries. 

- I 



-20 
Earthen Dams and Rock Fill Dams 

20.1. Introduction 

Earthen dams and earthen levees are the mos_t ancient type of embankments, as they 
can be built with the natural materials with a minimum of processing and primitive 
equipment. But in ancient days, the cost of-carriage and dumping of the dam materials 
was quite high. However, the modern developments in earth moving equipments have 
considerably reduced the cost of carriage and laying of the dam materials. The cost of 
gravity dams on the other hand, has gone up because of an increase in the cost of 
concrete, masonry, etc. Earthen dams are still cheaper as they can utilise the locally 
available materials, and less skilled labour is required for them. 

Gravity dams and arch dams require sound rock foundations, but earthen dams can 
be easily constructed on earth foundations. However, earth dams are more susceptible 
to failure as compared to rigid gravity dams or arch dams. Before the development of 
the subject of Soil-Mechanics, these dams were being designed and constructed on the 
basis of experience, as no rational basis for their design was available. This led to the 
failure of various such earthen embankments. However, in these days, these dams can 
be designed with a fair degree of theoretical accuracy, provided the properties of the 
soil placed in the dam, are properly controlled_. This condition makes the design and 
construction of such dams, thoroughly interdependent. Continuous field observations of 
deformations and pore water pressures have to be made during the construction ef such 

c=-c---~-- dams .Suitable modifications_j_ntli~_@_s!g_n, -~re _t:hen made during construction, depend-
ing upon these field observations.-- - -- - - - -c- -

20.2. Types of Earthen Dams 

The earthen dam can· be of the following three types : 

1. Homogeneous Embankment type 

2. Zoned Embankment type 

3. Diaphragm type. 

These three types of dams are described below : 

(1) Homogeneous _Em1:Jankment Type. The simplest type of an earthen embank-
ment consists of a single material S\op~ 

_ !_nd is homogeneous throughout. pitching Top flow line . . ------ s --------;--- -- - -- --- -f- -1 -.- -
1 

-------~-=- - - -- called phreot1c line ometlmes, a blanket o re ative y =--:... ---...:: _ --- - - ~ -- ~ - ------- -----------
impervious material may be = = == =- ~ 

•placed on the upstream face. A - - --- ~s -
1 h 

. . eepage 
pure y omogeneous section 1s 
used, when only one type of / 

· 1 · · 11 ·1 1 Homogenous embon kment matena 1s economica y or oca - without any internal drainage 

ly available. Such a section is used Fig. 20.1 (a). Homogeneous type embankment. 
·. . / 
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for low to moderately high dams 
.and for levees. Large dams are sel
dom designed as homogeneous 
embankments. 

A purely homogeneous sec
tion poses the problems of 
seepage, and huge sections are re
quired to make it safe against 
piping, stability, etc. Due to this, 
a homogeneous section is general

Impervious foundatiQ;; 

Drainage 
filter 

Fig. 20.1 (b ). Homogeneous embankment 
- - - provided with a drainage filter. . ... 

ly added with an internal drainage system : . such as a horizontal drainage filter [Fig. 20.J 
(b)], rock toe, etc. The internal drainage system keeps the phreatic line (i.e. top seepage 
line) wel1 within the body of the dam, and steeper slopes and thus, smaller sections can 
be used. the internal drainage is, therefore, always provided in almost all types of 
embankments. 

(2) Zoned Embankment Type. Zoned embankments are usually provided with a 
central impervious core, covered by a comparatively pervious transition zone, which is 
finally surrounde~ by a much more pervious outer z~pe (Fig. 20.2). · 

\ 

Slope 
protection 

lm'p,erv·1ous foundation 
\ 

Fig. 20.2;.Zorrechype-embankmenr:-

The central core checks the seepage. The transition zone prevents piping through 
cracks which may develop in the core. The outer zone gives stability to the central 
impervious fill and also distribute the load over a large area of foundations. 

This type of embankments are widely constructed and the materials of the zones 
are selected depending upon their availabilities. Clay, inspite of it being highly imper
vious, may not make the best core, if it shrinlvs and swells too much. Due to this reason,'" 
clay is sometimes mixed with fine sand or fine grav'el, so as to use it as the most suitable 
material for the central impervious core. Silts or silty clays may be used as the satis
factory central core materials. Freely draining materials, such as coarse sands and 
gravels, are used in the outer shell. Transition filters are provided between the inn.er 
zone and the outer zone, as shown in Fig. 20.2. This type of transition filtei:s._ar~- aJw~ys_ 

~'-~- --provided~hefrever therets-ariabruprclfange ofperirieability from one zone iotlie other. 

(3) Diaphragm Type Embankments. Diaphragm type embankments have a thin 
impervious core, which is surrounded by earth or rock fill. The impervious core, called
diaphragm, is mad~ of impervious soils, c)?-rl~rete, steel, timber ?r any other material. It 
acts as a water bamer to prevent seepage tlirou.gh the dam. The d1aphragm,may be placed 
.either at the centre as. a central vertical core or at the upstream face as a blanket. The 
diaphragm must also be tied fo the bed rock or to a very impervious foundation material, 
if excessive under-seepage through the existing previous foundations has to be avoided 
(Fig. 20.3). -,, 
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The diaphragm type 
~f embankments are dif
ferentiated from zoned 
embankments, depending 
upon the thickness of t~e 
core. If the thickness of 
the diaphragm at any 
elevation is less than 10 
metres or less than . the 
height of the embank

Impervious foundation or Bed rock 

Fig. 20.3'. Diapliragm type embankment. 
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ment above the corresponding elevation, the dam embankment is considered to be of 
'Diaphragm Type'. But if the thickness equals or exceeds these limits, it is considered 
to be of zoned embankment type. 

20.3. Methods of Construction 

There are two methods of constructing earthen dams : 

(1) Hydraulic-fill Method; and 
(2) Rolled-fill Method. 
(1) Hydraulic-fill Method. In this method of construction, the dam body .is. .con

structed by excavating and transporting soils by using water. Pipes called flumes, are 
laid along the outer edge of the embankment. The soil materials are mixed with water 
and pumped into these flumes. The slush is discharged through the outlets in the flumes 
at suitable intervals along their. lengths. The slush, flowing towards the centre of the 
bank, tends to settle down. The coarser· particles get deposited soon after the discharge 
near the outer edge, while the fines get carried and settle at the centre, forming a zoned 
emb_ankment having a relatively impervious central core. 

Since the fill is saturated when-,-placed, high pore pressures develop in the core 
material, and the stability of the dam must be checked for these pressures. This type of 
embankment is susceptible to settlement over long.periods, because of slow drainage 
from the core. 

Hydraulic-fill method is, therefore, seldom adopted these days. Rolled-fill method 
for constructing earthen dams is, therefore, generally and universally adopted in these 
modern days. 

(2) Rolled-fill Method. The embankment is constructed by placing suitable soil 
materials in thin layers (15 to 30 cm) and compacting them with rollers .. The soil is brought to 
the site from burrow pits and spread by bulldozers, etc. in layers. These layers are thoroughly 
compacted by rollers of designed weights. Ordinary road rollers can be used for low embank
ments (such as for levees or bunds) ; while power-operated rollers are to be used for dams. 
The moisture content of the soil fill must be properly controlled. The best compaction can be 
obiaineff at a moisture content somewnere-near-the-optimum·moisture-content:-(The-optimum 
moisture content is the moisture required for obtaining optimum density in the fill). Compaction· 
of coarse gravels cannot be properly done by rolling and is best done by vibrating equipment. 
Detail of rolling and compactiing different types of soils are available in "Soil Mechanics and 
Foundation Engineering" by the same author. 

20.4. Shearing-Strength of Soils 

Before we describe the causes of failures of earthen dams and the criteria for their 
safe design ; we shall review a few important conceptions of soil-mechanics and their 
importance in the. design of earth dams. -
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Coulomb's Law. The resistance offered by a soil mass against the shearing forces, 
is known as the sh.ear strength of the soil. In order to ensure that the foundation soil and 
the soil of the body of the dam are stable, we must ensure that the shearing strength of 
this soil mass .is sufficiently greater than the shear stresses developed within che soil 
mass by external forces. According to Coulomb's Law, the shear strength ofany-soil 
mass is provided by two factors, i.e. 

(i) Cohesion between the soil grains. 

(ii)Internal friction b~!Wt\t\I! th~ soil particles. 

Thus, the unit shear strength (-c1) of a soil is given by 

-c1= c +er'· tan cj> (kN/m2
) 

where c = Unit cohesion of soil _in (kN/m2) 

... (20.1) 

er'= intergranular compressive stress, called 
the effective vertical stress (kN/m2

) 

cj> = Angle of internal friction of soil. 

The constant c and cj> depend upon the type of soil and the moisture content in it. 
Sands and gravels are cohesionless soils and c"" 0 for them ; while cj> is approximatrely 
zero for saturated cohesive impervious clays.' 

20.5. Various Kinds of Densities and Their Relations 

Every soil has pores or voids in it, which remain filled either with air or with water 
or with both, depending upon the void ratio (e) and the moisture content (w) of the soil. 
The void ratio, porosity, moisture content, etc. of a soil are defined as follows : 

Volume of voids in a soil mass Vv = Volume of solids in the soil mass Vs 
Void ratio (e) 

-.-:::-__ -:---::-:- --:--:-----::----:-;-:--- --- ::-:-- :-·:~:· -:-·::-~:--. 

. . Volume of voids Vv 
Porosity of sod (n) = T 

1 1 
f .. 

1 
= -

Ota VO ume 0 SOI v 
vv 

Vv Vs e 
=Vs+ Vv =--V-= 1 +e 

1+2 
Vs 

l+e or e=--
n 

r w t t t f .1 ( ) _ Mass of moisture in soil mass 
o a er con en o soi w - M f 

1
.d . .

1 as!) o so 1 s m soi mass 
·M;,;,·-· :_·c·-- _----_ -- ----

=Ms 

where Mw = Mass of water in the soil mass. 

Ms = Mass of solids in the soil mass. 

The unit weight of soil (y) called bulk unit weight, is defined as_ the weight per unit 
volume of soil mass. If ~is the total weight of soil, then !! 

W Ws+Ww 
y = V = Vs+ Vv (air does not have any weigt-t) 
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... (A) 

where 'Ys = unit weight of solids 

. '.Yw =_unit \\'~ight of w~ter, and 
--

SS = specific gravity of solid soil particles = Ys 
'Yw 

Substituting in (A), we get 

Ws [ 

1 

+ ~J [ 1 + w] 
. . 'Y = Vs 1 + ~: = Ss : 'Yw !+; 

Hence, 'Y = Ss · 'Yw · [ ~ : ; J 
If the soil mass is dry, w = 0 

Ss · 'Yw 
.. 1dry=~ 

.. Y=Ydry(l+w) 
Degree of saturation (S) is defined as 

S=~~ =Volume ofw~ter 
. Vv Volume of v01ds 

Vv Vv Vw Vv Vw 
Now e=-=-X-=-X-

Vs Vs Vw Vw Vv 

=~[ ~ J=~ M;;,S, =~ w s, 
SS· Yw 

I ·= w:, I 
For saturated soilss::1-;--...:..:. 
.. e= w · Ss 

Moisture content, w = ;s for saturated soil 

Now, if unit weight of saturated soil is designated as Ysat> then 

SsYwO +w) . 
y= (l + e) fromEq. (20.2) 

... (20.2) 

... (20.3) 

... (20.4) 

... (20.5) 
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S 'V 1+~.· .. S • IW s 

or 
Yw (Ss+ e) 

Ysai= (l + e) 

s 

... (20.6) 

Submerged unit weight of soil is defined as the unit weight of saturated soil minus 
the unit weight of water, and is desigrnited as Ysub. 

. Yw (Ss + e) 
Ysub = Ysat - Yw = l + e · Yw 

Ysub= Yw [~s::] ... (20.7) 

- --· ·--- --- --

20.6. Pore-Water Pressure and its Significance in_ the Design of Earth Dams 

We know that every soil has 
some voids or pores which are part-. 
ly or fully filled with water. Let us 
consider a soil mass below the 
water-table BB in Fig. 20.4. 

The soil below BB is fully 
saturated and all, its pores between 
the solid particles of soil, are full of 

· water. The soil below the water
" table is, therefore, subjected to 
' .. hydrostatic uplift. Hence, at any 
. ·level (say CC), the total downward 

normal pressure (cr) exerted by the 

y 

Enlarged view of 
solid particles 

Fig. 20.4 

__ _lW.T 
B 

weight of the soil above this level, shall be supported partly by the intergranular pressure 
· (cr' or O'eff) developed between dry particles of the soil, and partly by the hydrostatic 
pressure (u) due to the water present in the pores. Hence 

cr=cr'+u ... (20.8) 
where, cr is the total normal pressure on soil. 

cr' = Total effective pressure, i.e. the inter
granular pressure, or the pressure which 

-----------~is-transmitted-frnm=grain~to grain of.soil. 
u = Pore water pressure or neutral pressure. · 

. (It is the hydrostatic pressure due to 
presence of water in the soil pores.) 

In Fig. 20.4, if the pressures are considered at a level say CC at a depth y from the 
ground, we can easily write, 

Total normal pressure (cr) at level CC 

= Ydry YI + Ysat (y -y1) 
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where YI is the depth of watertable below the 
ground level. 

cr ='¥dry YI + 'Ysat. (y - YI) 

Pore water pressure = u = 'Yw (y - YI) 

Hence, the net effective pressure (er') is given by 

cr' = cr - u = 'Ydry YI + 'Ysat (y- Yi) - 'Yw (y - YI) 

="fdryYI +"fsub(y-yI) 

It, therefore, becoII1eS evic:lent that the effective normal stress is much less than the 
total normal stress, as a part of the total stress gets consumed by water as pore pressure. 
The effective stress is dependent on the submerged unit weight of soil. 

·The water pressure or pore pressure acts equally in all directions. It does not press 
the soil grains against one another, and, therefore, does not lead to compression of the 
soil or an increase in its frictional resistance, that is why, it is called a 'neutral stress'. 

or 

When the pore pressure is considered, the Coulomb's law will become 

Unit Shear Strength of soil (-cf)= c + cr' ·tan<!> 

/ -cf= c + (cr- u) tan <I> I ... (20.9) 

This clearly indicates that the shearing strength of a soil gets reduced due to the 
presence of pore pressure. The pore water pressure gets developed in the body of the 
earthen dam when the seepage takes place through the body of the_ dam, thus reducing 
the shear strength of the soil. 

The shear stress (-c) developed at any plane in an earth structure is given by 
(JI - <J2 

-c=---. sin28 
2 

... (20.10) 

where crI = major principal stress 

<J2 = minor principal stress 

e =· is the angle between the plane considered 
for shear and the plane on which cr1 acts. 

It is apparent from the Equation (20.10), that the value of shearing stress remains 
unaltered, whether crI and cr2 are used or their effective components [(cr1 - u) 

and (cr2 - u)] are used. But the shear strength of the soil gets reduced when effective 
component (cr- u) is used in place of cr. 

Hence, the stability of the dam against shear failure must be checked when the 
maximum pore water pressure is present 

--- ------Gonsolidation.-The development oi por~ pressure is important, even during the time 
of construction of an earth ~am. When the fully or-p-arify- saturateasoiliS-pfaced-ana 
rolled in the body of the dam, the entire applied external load is taken up by the water 
immediately, and transferred to the soil afterwards. The pore water thus gets com
pressed, and if it is unable to drain out freely (due to low permeability of the soil), the 
pore.pressure rises. This rise in pore pressure during compaction is known as 'hydros
tatic excess' pressure in pore water. It further re;liµces the shearing strength of the_ soil 
and hence, the stability of the soil. As the eX'cess water drains out, more and more 
consolidation will take place, as this pressure will be transferred to soil grains and the 
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shear strength will tend to achieve its normal value. Hence, the pore pressure temporari
ly reduces the shear strength of the soil during compaction by preventing full compac
tion. But the shear strength gets recovered after the compaction is over, as the pore water 
i.s ultimately squeezed out. 

In highly compressible soils, having low coefficient of permeability and moisture 
content above its optimum moisture content, this condition of 'hydrostatic excess' 
becomes very serious. Such soils are, therefo"re, more liable to fail during construction. 

Similarly, appreciable consolidation of soil may takes place in fine grained com
pressible soils like clay, even after the construction is over, though sufficient compaction 
was done during construction. 

Due to these reasons, pore pressure observations are often made during the con
struction period of an earth dam. If the hydrostatic excess of pore pressure rises to a 
dangerous amount, the construction may be stopped for some time till the excess water 
drains out and full natural compaction takes place. The construction may be restarted 
after this 'excess' is either fully dissipated or reduced to a safe value. The shear failure 
of the soil of the dam or its foundation is, therefore, very much connected with the 
development of pore pressure in the body of the dam and in the foundation, and must 
be properly checked and accounted for. 

20.7. Causes of Failure of Earthen Dams 

Earth dams are less rigid and hence more susceptible to failure. Every past failure 
of such a dam has contributed to an increase in the knowledge of the earth dam 
designers. Earthen dams may fail, like other engineering structures, due to improper 
designs, faulty constructions, lack of maintenance, etc. The various causes leading to 
the failure of earth dams can be grouped into the following three classes : 

(1) Hydraulic failures 
(2) Seepage failures 
(3) Structural failures. 

These causes are described below in details : 

20.7.l. Hydraulic failures. About 40% of earth dam failures have been attributed 
to these causes. The failure under this category, may occur due to the following reasons: . 

(a) By over topping. The water may overtop the dam, if the design flood is under-
. estimated or if the spillway is of insufficient capacity or if the spillway gates are not 
properly operated. Sufficient freeboard snould, therefore, be provided as an additional 
satety measure. 

(b) J[rosion of upstream face. The waves developed near the top water surface due 
to the winds, try to notch-out the soil from the upstream face and may even, sometimes, 
cause the slipofthe upstreamslop_e._liJlSlr~im!_~ton~ pitching or riprap should, therefore, 
be provided to avoid such failures. - ---- - - --- --- -- ----' - --- -----

(c) Cracking due to frost action. Frost in the upper portion of the dam may cause 
heaving and cracking of the soil with dangerous seepage and· consequent' failure. An 
additional freetioard allowance upto a maximum of say 1.5 m should, therefore, be 
provided for dams in areas of low temperatures. 

(d) Erosion of downstream face by gully formation. Heavy rains falling directly over 
the downstream face and the erosive action of the moving water, may lead to the 
formation of gullies on the downstream face, ultimately leading to the dam failure. This 
can be avoided by proper maintenance, filling the cuts from time to time especially 
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during rainy season, by grassing the· 
slopes and by providing proper 
berms at suitable heights (Fig. 
20.5), so that the water has not to 
flow for considerable distances. The 
proper drainage arrangements are 
made for the removal of the rain 
water collected on the horizontal 
berms. Since the provision of berms 
ensures the collection and removal 
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Fig. 20.5 

of water before it acquires high downward velocities, the consequent erosion caused by 
the moving water (run off) is considerably reduced. 

(e) Erosion of the dis toe. The dis toe of the earth dam may get eroded due to two 
reasons, i.e. (i) the erosion .due to cross currents that may come from the spillway 
buckets; and (ii) the erosion due- to tail water. This erosion of the toe can be avoided 
by providing a downstream slope pitching or a riprap up to a height slightly above the 
normal tail water depth. Side walls of the spillway (called diaphragm walls) must be of 
sufficient height and length, as so to prevent the possibility of the cross flow towards 
the earthen embankment. 

20.7.2. Seepage Failures. Controlled seepage or limited uniform seepage is in
evitable in all earth dams, and ordinarily it does not produce any harm. However, 
uncontrolled or concentrated seepage through the dam body or through its foundation 
may lead to piping or sloughing and the subsequent failure of the dam. Piping is the 
progressive erosion and subsequent removal of the soil grains from within the body of 
the dam or the foundation of the dam. Sloughing is the progressive removal of soil from 
the wet downstream face. More than 1/3rd of the earth dams have failed because of these 
reasons. 

(a) Piping thr~ughfouiidatzons. - Sometimes, when highly permeable_ c~vities _os_ 
fissures or strata of coarse sand or gravel are presenl: in the foundation of the dam, water 
may start seeping at a 
huge rate through them 
(Fig. 20.6). This con
centrated flow at a high 
gradient, may erode the 
soil. This leads to in

Foundation material 
goes out creating 
hollows below the dam 

I 

creased flow of water and -..~~.-.....:'7?7°?"7">~H-:r?--77""7'7~7-7'°',...,.-""""'~,.__,~...,..,,..-..,.,""" 

soil, ultimately resulting 
in a rush of water and 
soil, thereby creating hol-
lows below the-.-founda- - --C - -- _____ _ __ .. 

tion. The dam m~y sink Fig. 20.6. Pipingihroughtlieaam-foundatron. - -- --~-
down into the hollow so formed, causing its failure. 

(b) Piping through the dam body. When the concentrated flow channels get 
developed in the body of the dam, (Fig. 20.7) soil may be renioved in the same manner 

-as was explained in foundation piping, leading to the formation of hollows in the dam 
body, and subsequent subsidence of the dam. These flow channels may develop due to 
faulty construction, insufficient compaction, cracks developed in embankment due to 
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foundation settlement, shrinkage cracks, animal burrows, etc. All these causes can be 
removed by better construction and better· maintenance of the dam embankments. 

Piping through the 
dam body, generally get 
developed near the pipe 
conduits passing through 
the dam_ body. Contact 
seepage along the outer _ 
side of conduits may 
either develop into /'.: 
piping, or seepage 
through leaks in the con- Fig. 20.7. Piping through the dam body. 
duits may develop into 
piping. This can be avoided by thoroughly and properly compacting the soils near the 
outlet conduits and by preventing the possibilities_ of leakage through conduits, but 
preventing the formation of cracks in the conduits. These cracks in the conduits are 
caused by differential settlement and by overloading from the embankment. When these 
factors are controlled, automatically, the possibility of piping due to leakage through 
the conduits is reduced. 

(c) Sloughing of DIS Toe. The process behind the sloughing of the toe is somewhat 
similar to that of piping. The process of failure due to sloughing starts when the 
downstream toe becomes saturated and get eroded, producing a small slump or a 
miniature slide. The miniature slide leaves a relatively steep face which becomes 
saturated by the seepage from the reservoir and slumps again, forming a more unstable 
surface. The process continues till the remaining portion of the dam is too thin to 
withstand the horizontal. water pressure, leading to the sudden failure of the dam. 

20.7 .3. Structural failures. About 25% of the dam failures have been attrflJute_d_to 
structural failures. Structural failures are generally caused by shear failures, causing 
slides. 

(a) Foundation slide. (i.e. overall stability of the dam). When the foundation of the 
earth dams are made of soft soils, such as fine silt, soft clay, etc., the entire dam may 
slide over the foundation. Some-
times, seams of fissured rocks, 
shales or soft clay, etc. may exits 
under the foundation, and the 
dam may slide over some of 
them, causing its failure. In this "'7'~~+"4-,~~~::":""""-//?<:"'~....,,"7?="""'7=~7,>:;~ 
type-of-failure;-the top of em- --- - ___ _ 
bankment gets cracked and ~ub
sides, the lower slope moves _ 

Fig. 20.8. Sliding due to soft or weak foundation. 

outward forming large mud waves near the heel, as shown in Fig. 20.8. 

Excessive pore water pressure in confined seams of sand and silt, artesian pressure 
in abutments, or hydrostatic excess developed due to consideration of clay seams em
bedded between sands or silts, etc. may reduce the shear strength of the soil, until it 
becomes incapable of resisting 'the induced shear stresses, leading to the failure of the 
dam foundation whithout warning. Loose sand foundations may fail by the liquefaction 
or flow slides. 
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(b) Slide in. Embankments. When the embankment slopes are too steep for the 
strength of the soil, they may slide causing dam failure. 

The most critical condi
tion of the slide of the u/s 
slope is the sudden draw
down of the reservoir (Fig. 
20.9); and the d/s slope is 
most likely to slide, when the 
reservoir is foll (Fig. 20.10). 
The u/s slope failures seldom 
lead to catastrophic failures, 
but the d/s slope failures are 
very serious. These failures, 
generally occur due to 
development of excessive 
unaccounted pore pressures 
which may reduce the shear
ing s,trength of the soils as · 
explained in the previous ar
ticle. Many embankments 

Fig. 20.9. U/S slope slide due to sudden draw-down. 

Failure surface 

/ 

Fig. 20.10. D/S. slope slide during full reservoir condition. 

may fail during the process of consolidation, at' the time of construction or after the 
construction. 

20.8. Design Criteria for Earth Dams 
(1) A fill of sufficiently low permeability should be developeo out of the available 

materials, so as to best serve the intended purpose with minimum cost. Borrow pits 
should be as close to the dam site as possible, so as to reduce the leads. 

---- / . 
(2) Sufficient spillway and oiitlets capacitieul:lm1ld be provided so as to avoid the 

possibility of overtopping during design flood. · - ·· · 

(3) Sufficient freeboard must be provided for wind set-up, wave action, frost action 
and earthquake motions. 

(4) The seepage line (i.e. phreatic line) should remain well within the downstream 
face of the dam, so that no sloughing of the face occurs. 

(5) There is little harm in seepage through a flood control dam. if the stability of 
foundations and embankments is not impaired, by piping, sloughing, etc. : but a conser
vation dam must be as watertight as possible. 

(6) There should be no possibility of free flow of water from the upstream to the 
downstream face. 
~-(-?_)_Ihe.J!p_stream face .should be properly protected against wave action, and the 

downstream fac~-agai.nstiafnsanch1gainstwaves-upt0 ·tail wateLer.ovisiP_llLQf !i_orizon
tal berms at suitable intervals in the dis face may be thought of, so as to reduce the 
erosion due to. flow of rain water. Ripraps should be provid(:d on the entire u/s slope 
and also' on the dis slope near the toe and up to slightly above the tail water so as to 
avoid erosion. 

(8) The portion of the dam, downstream of the impervious core, should be properly 
drained by providing suitable horizontal filter drain, or toe drain, or chimney drain, etc. 
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(9) The upstream and downstream slopes should be so designed as to be stable under 
worst conditions of loading. These: critical conditions occur for the uls slope during 
sudden drawdown of the reservoir, and for the dis slope during steady seepage under 
full reservoir. 

(I 0) The uls and dis slope should be flat enough, as to provide sufficient base wicrth 
at the foundation level, such that the maximum shear stress developed remains well 
below the corresponding maximum shear strength of the soil, so as to provide a suitable 
factor of safety. 

(11) We know that the corisoliclation ofthe soil does not take place instantaneously 
when the compaction is done by external leadings. It takes place slowly as the excess 
pore water goes out and the load is transferred to the soil grains. In coarse gravels, the 
void openings are large enough so as to permit rapid escape of confined water and air, 
and full compaction may occur before the construction is over. But in fine grained 
impervious soils, the consolidation is slow. It, therefore, becomes necessary in ·'such 
cases, as to provide an additional height of the fill. After consolidation, the the embank
ment will be of the desired height. Hence, a suitable allowance in the height of embank
ment (between 2 to 3% of dam height, determined by laboratory tests) must be made in 
fine grained soils so as to account for the consolidation that may take place upto years 
after construction. Dewatering the foundations may sometimes be used to accelerate the 
process of consolidation. 

(12) Since the stability of the embankment and foundation is very critical during 
construction or even after construction (i.e. during the period of consolidation), due to 
development of excessive pore pressures ancf consequent reduction in shear strength of 
soil, the embankment slopes must remain safe under this critical condition also. 

All the above criteria must be satisfied and accounted for, in order to obtain a safe_ __ 
design and construction-ofan-eartlicfam~ - ·--- --- · - - -- · 

20.9. Selecting a Suitable Preliminary Section for an Earth.Dam 

The preliminary design of an earth dam is done on the basis of existing dams of 
similar characteristics and the' design is finalised by checking the adequacy of the 

.. ~elected section for the worst loading conditions. Empirical rules are frequently used in 
these designs. 

A few recommendations, for selecting suitable values of top width, free board, uls 
and dis slopes, drainage arrangements, etc. are given below for preliminary designs : 

Freeboard. Freeboard or minimum freeboard is the vertical distance between the 
maximum reservoir level and the top of the dam (i.e. the crown or crest of dam). The 
vertical di~tance between_normalpool level ~r;spillway-erest-'aiJ.d the top' of the dam is 
termed as normal freeboard. -1 

, . I . 

The minimum height of the freeboard for. wave action is generally taken to be equal 
to.1.5 hw, where hw is given by the equations (19.11) and (19.12). Most of the hydraulic 
failures of earth dams have occurred due to overtopping of dams. Hence, the freeboard 
must be sufficient enough, as to avoid any such possibility of overtopping. Values of 
freeboard, for various heights, recommended by U.S.B.R. are given in table 20.1. 

1 
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Table 20.1. U.S.B.R. Recommendations for Freeboard for Earth Dams 

Spillway Type 

Uncontrolled (i.e. Free) Spillway 

Controlled spillway 

Controlled spillway 

Height of Dam 

Any height 

Height less than 60 m 

Height more than 60 m 

Minimumfreeboard 
OverMWL 

Between 2 m to 3 m 

2.5 m above top of gates 

3 m above top of gates 

An additional freeboard upto 1.5 m should be provided for dams situated in areas- ,. 
of low temperatures for frost action. 

Width. The top width dflarge earthen dams should be sufficient to keep the seepage 
line well within the dam, when reservoir is full. It should also be sufficient to withstand 
earthquake shocks and wave action. For small dams, this top width is generally governed 
by minimum roadway width requirements. 

The top width (A) ofthe earth dam can be selected as per the following recommen
dations: 

H 
A = 5 + 3 for very low dams 

A = 0.55 W + 0.2 H for dams lower than 30 m 
A = 1.65 (H + 1.5)1

/3 for dams higher than 30 m 
where H is the height of the dam. 

... (20.11) 

... (20.12) 

... (20.13) 

Upstream and Downstream slopes. The side slopes depend upon various factors 
such as the type and nature of the dam, and foundation materials, height of dam, etc. 
etc. The recommended values cif side slopes as given by Terzaghi are tabulated in Table 
20.2. 

Table 20.2. Terzaghi's Side Slopes for Earth Dams 
-----=-~---_ ---

~~~~~~~~~~~~~~~~---..~~~~~~~~-,-~~~~~~~~-

Type of Material 

Homogeneous well graded 

Homogeneous course silt 

Homogeneous silty clay 

(i) Height less than 15 m 

(ii) Height more than 15 m 

Sand or Sand and gravel with a central clay core 

Sand or Sand and gravel with R.C. diaphragm 

VIS slope (H: VJ 

2.5: l 

3 : 1 

2.5: 1 

3 : 1 

3 : 1 

2.5: l 

DIS slope (H: VJ 

2: 1 

2.5: 1 

2: I 

2.5: I 

2.5: I 

2: I 

The varfous dimensions of low earth dams for their preliminary sections, may 
sometimes be selected from the recommendations of Strange, as given in Table 20.3. 

Table 20.3. Preliminary Dimensions-of-Low~art_h Q__ams (Strange's recommendations) 

Height of dam Maximumfreeboard Top width (A) in VIS slope DIS slope 
in metres in metres metres (H: VJ (H: VJ 

Up to 4.5 1.2to1.5 1.85 
-. 2: l 1.5: 1 

4.5 to 7.5 1.5 to 1.8 1.85 2.5: 1 1.75: 1 

7.5to 15 1.85 2.5 3: 1 2: 1 

15 to 22.5 2.1 3.0 3: 1 2: 1 
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SEEPAGE ANALYSIS 

Seepage occurs through the body of all earthen dams and also through their pervious 
foundations. The amount of seepage has to be controlled in all conservation dams and 
the effects of seepage (i.e. position of phreatic line) has to be controlled for all dams, 
in order to avoid their failures. 

The seepage through a pervious soil material, for two dimensional flow,' is given 
by Laplacian equation 

~ ~-:12+ 2-0 ... (20.14) 
ox oy 

where <I>= K · h =Velocity potential 
K =Permeability of the soil 
h = Hea:d causing flow. 

The above equation is based on the following assumptions : 

(i) Water is incompressible. 

(ii) The soil is incompressible and porous. The size of the pore space do not change 
with time regardless of water pressure. 

(iii) The quantity of water entering the· soil in any given time is the same as the 
quantity flowing out of the soil. 

(iv) Darcy's law is valid for the given soils. 

(v) The hydraulic boundary condi~ions at the entry and exit are known. 

A graphical solution of the above equation, (i.e. Eq. 20.11) suggests th~t the flow 
through the soil, following the above assumptions, can be represented by a flow-net ; 
which consists of two sets of curves, known as 'Equipotential lines' (i.e. lines of equal 
energy) and 'stream lines' (i.e. flow lines), mutually perpendicular to each other, as 
shown in Fig. 20.1-1-.,----

Top flow line · 
ie. phreatic line 

Fig. 20.11. Flow Net. 

Flow lines or 
stream lines 

--20:10~-s-e-epage Discnarge-'Tlirough tile Isotropfc-soilS- -- - -- ---

The amount of seepage can be easily computed from the flownet. Let us assume 
that the soiris isotropic, _i.e. its permeability is constant in all directions, or KH = Kv. 
(i.e. horizontal permeability is equal to the vertical permeability). The dam _section is 
first of all plotted to a given scale (Same scale for horizontal and vertical directions). 
The flow net is drawn by free hand sketching the making suitable adjustments and 
corrections until the flow lines and equipotential lines intersect at right angles. It is 
convenient to draw only a limited number of flow lines and equipotential lines, such 
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that the rate of flow between each pair of flow lines (called flow channels) is equal and 
the energy drop between any two successive potential lines is the same. The distance 
between the flow lines is made equal to the distance between the potential lines, thus 
forming a series of squares. Where the flow lines are curved, the squares formed will 
be distorted, but they will be more perfect as the number of lines is increased. 

The seepage rate (q) can be computed from the flow net, using Darcy's Law. 
Applying the principle of continuity between each pair of flow lines, it is evident that 
the velocity must vary inversely with the spacing. Assuming the dam cross-section of 
Fig. 20.11 to have a unit width, we have : 

The flow -through the square ABCD (called field) or through the flow channel 
containing this square 

But 

or 

=!::.q=K·iA 

= K(~)<!::.y x 1) 

where Aff is the energy drop between the two equi
. potential lines bounding the square 
ABCD and !::.x and !::.y are defined in Fig. 
20.11. 

!::.q = K (~) !::.y 

Aff = Total drop, i.e. total head causing flow . 
Number of increments into which the total drop is equally divided 
H 

Aff=-
Nd 

where Nd= Total number of drops in the complete 
flow-net. 

!::.q=K ~(~) - -

K·H = -- (since !::.y = !::.x) 
Nd 

The total flow through all the channels, i.e. the total flow through the unit width of 
the dam 

=q=I.·!::.q 

(
K·H) = N; x numberofflowchannels 

_OL __ _ I q~K_li_Nj+---~------
Nd 

This is the required expression, representing discharge passing through a flow net 
and is applicable only to isotropic soils (i.e. soils for which KH = Kv). 

20.11. Seepage Discharge for Non-isotropic Soils 

If the permeability of the soil is different in the horizontal direction than that in the 
vertical direction ; the flow net is drawn in the same manner as was explained earlier 
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for isotropic soils, with the only difference that the dam section shall be drawn to the 
same vertical scale but to a transformed horizontal scale. All horizontal dimensions 

shall be reduced by multiplying them by a factor equal to ~ Flow net and squares 

will be drawn in the same manner, and number of flow channesl (N1) and number of 
drops (Nd) shall be counted. The discharge can then be computed by the equation 

H·Nr 
q=..JKH' Kv Nd ... (20.16) 

20.12. Line of Seepage or Phreatic Line in Earth Dams 

Line of seepage br phreatic line or saturation line is defined as the line within the 
dam section below which there are positive hydrostatic pressures in the dam. The 
hydrostatic pressure on the phreatic line is equal to the atmospheric pressure and hence, 
equal to zero. Above the phreatic line, there is a zone of capillary saturation called 
capillary fringe, in which the hydrostatic pressures are negative. The appreciable flow 
through the dam body below the phreatic line, reduces the effective weight of this soil, 
and thus reduces the shear strength of the soil due to pore pressure. But on the other 
hand, the insignificant flow through the capillary fringe, leads to greater shear strength, 
because the capillary tension in water lead~ to increased intergranular pressure. The 
effects of the capillary fringe are thus on a slightly safer side and hence neglected. 

It is, therefore, absolutely essential to determine the position of the phreatic line, as 
its position will enable us to determine the following things : 

(i) It gives us a divide line between the dry (or moist) and submerged soil. The 
· soil above the seepage line will be taken as dry and the soil below the seepage 
line shall be taken as submerged for computation of shear strength of soil. 

(ii) Jtrepresents .the top streamline and hence; helps us in drawing the flow net. 

(iii) The seepage line determination, helps us to ensure that it does not cut the 
downstream face of the dam. This is extremely necessary for preventing 
.softening or sloughing of the dam. 

20.12.1. Determination of Phreatic Line when the Dam section is Homogeneous 
and Provided with a Horizontal Filter. It has been found by experiments that the 
seepage line is pushed down by the filter and it is very nearly parabolic except near its 
junction with the u/s face. Since the u/s face of the dam (i.e. GB in Fig.20.12) becomes 
an equipotential line when fully covered with water (water shall rise up to the same 
piezometric head at every point of this line), the seepage line shall be perpendicular to 
this face near its junction point B. Let a ba:;e parabola with focus at F is drawn ..and 
produced so as to intersect the water surface at a point A. Cassagrande has shown that 

j ~or_dams-withreasonably-flat-upstream-slopes;-AB""' 0.3HB; where His the -projection 
of the point G (i.e. the end point of u!s slope) on the water surface. Knowing the point 

I I 
A, the. base parabola AJJC can be drawn with its focus at F. It can then be corrected for 
th,e curve. BI such that BI is perpendicular to GB, thus, BJJC will finally represent the 
seepage line . 

. Equation of the base parabola, The equation of the parabola can be determined 
from the bas.ic property of the parabola viz., the distance of any point P (x, y) on the 
parabola from its focus is the same as the distance of that point P (x, y) from a line 
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~ and radius AF 
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x 

Point C is the vertex of the parabola 
. Fig. 20.12 

called directrix. Taking the focus (.F) as the origin, the equation of the parabola can be 
written as 

-.Jx2 +y2 =x+FD 
where the vertical line through D is the 

directrix. 
ED is. the distance of the focus from the 

directrix, called focal distance and is 
generally represented by S. 

_ 'J:'he equation of the parabola, then becomes 
.... - -.Jx2 + y2 =x +S --- ""'""-'"'"- _·..c·=.c::cc-c -- --.-- ···---_-,-- -,-- -= ---- ---·- ·::.(20. l 7f 

If the horizontal distance between the already determined point A and the focus 
(F) is taken as say b, then (b, H) represents the coordinates of the point A on the parabola. 
Substituting in equation (20.17), we get 

-.Jh2 +H2 =b+s 
or S = .../r--b2,,.-+_H__..2 - b ... (20.18) 
S can be calculated from this equation. 

The focal distance S can also be measured by drawing an arc FH with centre A and 
radius equal to AF so as to intersect the Horizontal water surface AB produced at H. The 
vertical line HD through H will then represent the directrix. FD will be equal to S. The 
centre point (C) of FD will be the vertex of the parabola. 

-------Also from ~quation (2CJ.tT): when x = O~Yco> =-S:-'"Hen·c-e~·tlrn1erticalcordinate-FJ-at
F will be equal to S. Hence, S is many a times, represented by Yeo)· Knowing the points 
A, C, J and working out a few more points from the equation (20.17), the parabola can 
be easily drawn and corrected for the cu~ve Bl, so as to get the seepage line BIJC. 

The discharge can also be calculated easily from the equation of the seepage line, 
without taking the trouble of drawing a flow net, as explained below : 

Consider a unit width of the dam. Let q be the seepage discharge per unit width of 
the dam. Then, according to Darcy's Law, q = KiA. When steady conditions have 
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reached, the discharge crossing any vertical plane across the dam section will be the 
same. Hence, the values of i. and A can be taken for any point on the seepage line 

·z· =El_ .. dx 

A = y x 1 (i.e. saturated depth x width) 
· dv 

q=K:::..t...·y 
dx 

But the equation of the parabola is 

..fx2+y2 =x+S 

or x2 + y2 = (x + S)2 

or y2 = (x+ S)2-x2 

or y=..fS2+2xS. 

Equation (20.19) becomes 

q =K[~.· (S2+ 2xS)~-I · 2S] · [ ..fs2 +2x~] 
I 

= K · S · (S2 + 2xS)-2 '4s2 + 2xS 

- K · S · ..Js
2 
+ 2xS K · S. 

- ..fs2 +2xS 

or I q=KS 

... (20.19) 

- ... (20.17) 

... (20.20) 

The coefficient of permeability K and the focal distance (S) are known ; the dis
charge q can be easily computed. This is an important equation. Strictly speaking, this 
equation is applicable only to dams with horizontal drainage but is used for other type 
of section also and gives quite close values of discharge. - -

.. 20.12.2. Determination of Phreatic Line when the Dam Section is Homogeneous 
(without Filter). The phreatic line can be determined on the same principles as was 
done for dam with· a filter case. The focus (F) of the parabola, in this case, will be the 
lowest point of the downstream ~lope as shown in Fig. 20.13. The base parabola BJJC 
will cut the downstream slope at J and extend beyond the dam toe up to the point C (i.e. 
the vertex of the parabola). 

Focus lFl )C 
Parabola ~;./ 
shown , . 
extended 

Fig. 20.13 
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The seepage line will, however, emerge _out at K, meeting the downstream face 
tangentially there. The portion KF is known as discharge face and always remains 
saturated. The correction JK (say .::la) by which the parabola is to be shifted downward 
can be determined as follows : 

(A) Graphical general solution. Cassagrande has given a general solution to 
evaluate M for various inclinations of discharge face. Let a be-the angle which the 

discharge fa_cemakes with the horizontal. The various values of a:~ a have been given 

by Cassagrande, as shown in table 20.4. 
Table 20.4 

a in degrees 
!!.a 

Remarks 
a+D.a 

30° 0.36 Note. Intermediate values can be 

60° 0.32 interpolated, or read out from a graph 

90° 0.26. between a and~ plotted with the 
a+ t.a 

120° 0.18 '(alues given here. 
135° 0.14 

150° 0.10 

180° 0.0 

(a+ M) is the distance Fl (i.e. the distance of the focus from the point where the 
parabola cuts the dis face) and is known. M 6an then be evaluated. a and M can be 
connected by a general equation . 

.::la= (a+ M) [ 
18~~0: a] ... (20.21) 

The value of a will be equal to 180° for a horizontal filter case and may be equal 
!()_Or more than 90° in case a rock toe is provided at the downstream end, as shown in 
Fig. 20.14 (a). a will be less then 90° whenn<Ydtairiage is proviEled. 

se'epage 
line 

(a) (b) (c) 
Fig. 20.14. Various types of discharge faces. 

, ____ - (B) Analytical solutions for_ determining_tlie_pQsi!i<>n of point k, i.e. the point 
at which the seepage line intersects the dis slope. - -- --- ---- - ~-----

Case (a) when a < 30° 
Schaffernak and Van Iterson have derived an equ~tion for determining the value of 

'a' (and thus fixing the position of point K) in terms of H, b' and a. Their final equation 
is 

... (20.22) 
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Entry pci'int 

A 
Phrecitlc 

line 

14---------b 

Fig. 20.15 

The above equation has been obtained on the assumption that the hydraulic gradient 
(i) is equal to the slope of the phreatic line. This assumption is nearly true so long as 
the downstream slope is suffiCiently flat (i.e. a< 30°). 

or 

or 

or 
or 

This equation can be easily derived on the basis of the above assumption as follows: 

i =Hydraulic gradient=~ 
A=y · 1 

q=KiA=K·(~}(y· 1) 

- But~=tana 
dx 

and y=a sin a 
q = K · tan a · a · sin a 

= K · a · sin a · tan a 

-K :~{y)=K·a·si~atancac 
dx 

d . 
~ (y) =a sin a tan a 

dy · y = a sin a tan a dx 
- y · dy = a sin a tan a dx .. 

Integrating both sides between the limits 

x = a cos a to x = b' 
and y = a sin a to y = H, 

we get r=H. y · dy =a sin CX ·tan CX r=b' dx 
y=asma x=acosa 

ii-i+-1'-'------------------- ------- ----- ------------- ---------- ------------------

I 

I 

,I 

I 
21H b' 

or f _ = a sin ex tan a I x I a cosa . 
a sma 

H
2 

- a
2 

sin
2 

a . · [ J or 
2 

= a sm a tan a b' - a cos a 

or H2 a2 . 2 b' . 2 . 2-2 sm a= a sm a tan a - a · sm a cos a · tan a 
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or 

or 

or 

or 

or 

or 

H2 a2 . 2 b' . . 2 . 2 2 - 2 sm a= a sm a tan a - a · SID a 

H2 b' . a2 . 2 
-z=a sIDatana-2sm a 

a2 . . ' . H2 2 · sm2 a - ab SID a tan a+ 2 = 0 

a2 sin2 ·a - 2ab' sin a tan a + H2 = 0 

2ab' H2 

a2 ---+--=0· 
cos a sin2a 

2b' ~ 2b' :? --+ --
cos a- cos a 

a= 2 
sin2 a 

Ignoring unfeasible +ve sign, we have 

This is the required equation. 
Case (b) ·When a lies between 30° and 60° 

... (20.22) 

Cassagrande has derived an equation for determining the value of 'a' in terms of 
b, Hand a. His final equation is 

a= .Yb2+H2 -.Y-ii---H-2-co-t2_a_ ... (20.23) 

G 

where b is defined in Fig. 20.16, 
H is the head causing flow and a is the 

... --- ccangle which the dis face makes with the 
·horizontal (clockwise) as defined earlier. 

Seepage line 

Fig. 20.16 

Equation (20.2.3f gives satfsfiicfocyresults forvalues ·of·a-less than-30~but-for~ 
steeper slopes, the deviations from the correct values become quite high and for such 
cases, Cassagrande has suggested the use of sin a in place of tan a. 

In other words, the hydraulic gradient (i) is given by Eldd (i.e. sin a) of the seepage . s 

line and not by ~(i.e. tan a) as was taken in the previous case. 

Therefore, q = K · i · A 
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,d~Jy · 1 = K (sin o:) (a sin a) 
/\ 

K 
. 2 . 

/ ·a· sm a 

, y = a sin2 a · ds . 
• ween the limits 

y=asina, s=a 
y=H s=S0 

where S0 is the total length of parabola from th( ·)oint A0

to-thepoint.F. · 

Or r = H . y · dy = a · sin2 CX r =So ds 
y~amna s=a 

lilH s=So or = a sin2 a · I s I 2 s=a 
a sin a 

or 
H2 - a2 sin2 a . 2 - · - · - · -

2 
=asm a[S0 -a] 

or 
H2 a2 .... - .. 
2-

2 
sin2 a = a sin2 a · S0 ~ a

2 sin2 a 

or 
az . , S . 2 H2 0 2 s1n- a - 0 sin a · a + 2 = 

Hz 
a2 -2S0 · a+-.-2-=0 

sma 
· or 

or a= 
2 

Ignoring +ve sign, we get -----
a ;,so- .... I So2 __ ._H2_ 

\J sm2 a 

dv . 
·: =;j;=sma 

... (20.24) 

The total length of the parabola S0 can be approximately taken to be equal to 
~b2 +H2 , then . 

So=~b2+H2-

Substituting, we get 

or 
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Example 20.1. An earth dam made of a homogeneous material has the following 

data: 
Coefficient of permeability of dam material = 5 x 1() 4 cm/ sec. 
Level of top of dam = 200.0 m. 
Level of deepest river bed = 178.0 m 
H.F.L. of reservoir = 197.5 m. 
Width of the top of dam = 4.5 m. 
Upstream slope = 3 : J. 
Downstream slope = 2 : 1. 
Determine the phreatic line for this dam section and the discharge passing through 

the dam. 
Solution. Taking the focus (F) at the dis toe of the dam as the origin, the equation 

of the base parabola is given by ...f x2 +.y2 = x + S 

Directrix I 

'-1 
I 
I 

', I oc ,, 

G ~ ==JCD 
r~ 
-- 66m ---• ';;,5 44m : 

·- 58·5m -----·17·5m I 

I 
. b'=56m I 

~· --~b=73·5m :/ 1 .. 
i------------- B= 114·5m------------· 

Fig. 20:17 

where Sis the distance of the point (x, y) from the directrix, called focal distance. Select 
the point A, in such a way that 

AB=0.3HB 

or AB= 0.3x58.5=17.5 m. 

Plot the point A at a distance 17.5 m from B (Fig. 20.17). This is the start-point of the 
parabola. Now the coordinates of the point A w.r. to Fas origin are (73.5 m, 19.5 m). 
Substituting these ordinates in the equation of the base parabola, we get 

-../(73.5)2 + (19.5)2 = 73.5 + s. 
or S =2.54m. 

The vertex (C) of the base parabola shall be situated at a distance equal to~ or 1.27 m 

from F, beyond the dis toe of the dam, as shown in Fig. 20.17. 

A few more coordinates of the base parabola at known distances (x) are worked out 
in table 20.4 using, . 

x2 + y2 =x2 + S2 + 2xS 

or y=-../S2 +~S 
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x 

·o 
10 

20 

30 

40 

44 

48.5 

56 . 

60 

70 

73.5 
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Table 20.4 

y2 = 2xS + :f = 5.08x + 6.45 y=f.S2+2xS 

6.45 2.54 

57.25 7.68 

108.05 10.39 

158.85 12.61 

209.65 14:.48 

229.97 15.16 

252.83 15.92 

290.93 17.04 

311.25 17.64 

362.05 19.02 

380.00 19.50 

The base parabola with all these ordinates, is then drawn. 

Now, this parabola has to be corrected at entry and exit as explained earlier. At 
entry, the phreatic line is started from the pointB in such a way that it becomes at right 
angles to the u/s face GB of the dam. A reverse curvature Bl is, therefore, given as shown 
in Fig. 20.17. 

At ex,it, the point K at which the phreatic line intersects the dis face can be easily 
obtained by using the Eq. (20.21) as : 

f).a =(a+ f).a) ( 18~0~ a) 

1 
where tan a=~; or a= 26° · 54 

2 
(a+ f).a) =Distance Fl, i.e. the distance of the focus 

from the point at which the base parabola 
intersects the d/s face, and is measured 
from Fig. 20.17 = 25.6 m. 

. [180- 26.54] 153.46 /).a= 25.6 
400 

. = 25.6 x 4o0 = 9.84 m; say 9.8 m. 

a=25.6-98= 15.8m. 

Knowing 'a', the point K is plotted and the phreatic line BIK is completed. 

Discharge through the dam section can be obtained from the equation (20.20) as : 

___ _g_= K ._sL where K = 5 x 10- 4 cm/sec= 5 x 10- 6 m/sec. - --- --- - 5;-'-234m __ ._ .. C.C'--C ..• =-~-

.. __ q::;:Sx 10- 6 x2.54m3/mrqn/sec. · 

= 12.7 x 10- 6 cumes/m length of dam 

Hence, q = 12. 7 x 10- 6 cumecs/m length of dam. Ans. 

Note. The value of 'a' can also be determined from Eq. (20.22), if (a+ /).a) is no1 
to be measured, as the dam section is not to be plotted to scale. 

b' ~( b' Jz ( H 12 

In that case a= -- - -- - -.-. -· 
cos a cos a. sm a) 
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where b' = 56 m 
H= 19.5m 

sin 26.56° = 0.447 
cos 26.54° = 0.894. 

a~o~~.---J ~ '~(01!i1J 
= 62.6- 3,920- 1, 00 = 62.6- 44.9 = 17.7 m. 

1069 

Hence, a= 17.7 m which is slightly above the value obtained from Eq. (20.21) and 
is thus on a safer side. · 

Example 20.2. A flow net is plotted for a homogeneous earthen dam of height 22 
m andfreeboard 2.0 m. The results obtained are, 

Number of potential drops = JO 
Number of flow channels = 4. 

The dam has a horizontal filter of 30 m length at the downstream end and the 
coefficient of permeability of the dam material is 5 x UT 4 cm/sec. Calculate the dis
charge per m run of the dam. 

Solution. The discharge through a dam section is approximately given by the Eq. 
' (20.15) as : · · 

- Nf 
q-K.H. Nd 

-
5
. 

10
_6 2ox 4 

q= x x-w 

where K = 5 x 10- 4 cm/sec= 5 x 10- 6 m/sec. 
H=:22-2= 20m. 
N1=4 

Nd= 10 

= 4.0 x 10- 6 cumecs/m run of dam. Ans. 
Example 20.3. For the dam section given in example 20. J, draw the seepage line 

if a horizontal filter of length equal to 25 m is provided inwardfrom the downstream 
toe of the dam. 

Solution. The dam section is plotted from the dimensions given in example 20.1. 
The horizontal filter is also provided. Now, the left end of the filter will act as a focus 
and is designated as F and is taken as origin. 

OJ HB=17·5 rn 

H 1~~[-,=-~~:~~~iJ~c:~t~--: ~;c~L- _n " 

1- --49·5m - -- - - ·-- I I ,---
1- - - -- ---- I I ··..,. 
------- . ' I -. I 
1__ : I ' '=--- , 1 F \cio 

1 Directrix 
i..,./ 
I 
I Horizo.ntal 

-- 1-- - - -f-1-1-t-er 

G 
------58·5rn 

-------- 73.5 m 

Fig. 20.18 
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The coordinates of any point (x, y) on a parabola of equation 

.Yx2 +y2 =x+S 
will now be for the point A. 

The point A is determined as in example 20.1. Its coordinates w .r. to Fas origin are 
(48.5 m, 19.5 m) 

. . .Y(48.5)2 + (19.5)2 = 48.5 + s 
or -V2,352 + 380 = 48.5 + S 
or S =3.77m. 

The vertex (C) of the parabola sh~ll be situated ~ta distance equal to%· i.e. i.83 m 

beyond the point F and directrix shall be at a distance 3 .77 m from F. 

At point F, x = 0 . 
.. y=S=3.77m. 
A few more coordinates of the base parabola are worked out in table 20:5, !.!Sing_ 

:x2 +y2=X2+s2 +2xs 
or y = .Y2xs + S2 

Table 20.5 

x l = (2xS + S-) = '1.54x + 14.21 y=~ 
0 14.21 3.77 

IO 89.61 9.47 

15 .127.31 11.27 

19 157.47 12.54 

23.5 191.40 13.85 

31 247.95 15.75 

40 315.81 17.78 

. 48.5 380.00 19.5 

The base parabola is drawn and correction at the entry point for the curve BI is made 
by free hand sketching, in such a way that the phreatic line becomes ..L to u/s face GB 
of the dam. The exit point should also be corrected such that the phreatic line meets ..L 
to base line FCD. The final phreatic line BIC is thus drawn as shown in Fig. 20.18. 

20.12.3. Phreatic Line for a Zoned Section. In case of a zoned section having a 
central impervious core, such as shown in Fig. 20.19 ; the effects of the outer zone can 
be neglected altogether. 

-•-;;-".fi----~T~h~e.:.cofo_CcUS:..:...OLthe_c:base_ 
parabola will, therefore, be lo
cated at the dis toe of the core, 
as shown in Fig. 20.19. The 
phreatic line can then be 
drawn as usual with free hand 
corrections required at suitable 
places. Fig. 20.19 

Phreatic 
tine 
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Spillways, Energy Dissipators, and 
Spillway Gates 

21.1. Introduction 

-----------

-21 

A spillway is a structure constructed at a dam site, for effectively disposing of the 
surplus water from upstream to downstream. Just after the reservoir gets filled up, up 
to the normal pool level, water starts flowing over the top of the spillway crest (which 
is generally kept at normal pool level). Depending upon the inflow rate, water will start 
rising above the normal pool level, and at the same time, it will be let off over the 
spillway. The water can rise over the s-pillway crest, upto the maximu:n;i reservoir level, 
which cari be estimated from the inflow flood hydrograph and the spillway charac
teristics, by the process of flood routing, explained earlier. Therefore, it is only the 
spillway, which will dispose of the surplus water and will not let the water rise above 
the maximum reservoir level. Had there been no such structure, over which the water 
would have overflown, the water level must have exceeded maximum reservoir level, -
and ultimately would have crossed the freeboard and thus overtopped the dam, causing 
the failure of the dam. Hence, a spillway is essentially a_ safety valve for a dam. It must 
be properly designed and must have adequate capacity to dispose of the entire surplus 
water at the time of the arrival of the worst design -flood. 

Many dams bav_e_faikd (~ReQ_ill.llY the __ e_~rtJ:i~f!_dams) because of the improperly 
designed or inadequate spillways. - - - ------- ---- co_-----c--- --- -c~- -- -- -- -

21.2. Location of a Spillway 

A spillway can be located 
either within the body of the 
dam, or at one end of it or en
tirely away from it, inde
pendently in a saddle. If a deep 
narrow gorge with steep 
banks, separated from a flank 
by a hillock with its level 
above the top of the dam (such 

---- as-showncin Fig. 21.1), isavail
able, the spillway can be best 
built independently of the 
dam. 

Top: of dam -

Fig. 21.l 

Flank called 
saddle 

Under such circumstances, a concrete or an earthen dam can be constructed across 
the main valley and a spillway'can be constructed independently into the saddle. Some
times, a concrete or a masonry dam along with its spillway can be constructed in the 
main valley, while the flank or flanks are closed by earthen dikes or embankments. The 

1099 
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top level of such an embankment is kept at maxiniurn: reservoir level. The mateiials and 
designs of these embankments are suclJ. ·that they fail as soon as water overtops them. 
Hence, if by chance, either due to excessive flood above the design flood or due to 
failure of gates of main spillway, etc., the water rises above the maximum reservoir 
level, it shall overtop such embankment, which at onc.e fails ; providing sufficient outlet 
for the disposal of excessive water. This type of a secondary safety arrangement is 
generally provided on large dams especially on earth and rockfill dams, and is known 
as Subsidiary Spillway or Emergency Spillway or Breaching Section. 

The main spillway is constructed to dispose of the designed flood above the normal 
. pool level and upto the maximum reservoir level. It is situated either within the dam, or 

at one end of it, or independently in a saddle away from the main dam. A separate 
independent spillway 
is generally preferred 
for earthen dams, al
though due to non
availability of sites, a 
concrete spillway is 
sometimes con
structed within or at 
one of the ends of an 
earth dam. If the main Fig.21.2 

spillway is situated in a flank, a secondary .emergency spillway may be situated in 
another flank as shown in Fig. 21.2. 

21.3. Design Considerations for the Main Spillway 

The main spillway, often called the spillway, is properly designed so as to dispose: 
·· .. of the·excess water with·outcausing a:n:y-dal:Ilage t<Hhe·aa:m; oncfany of its··app~fteriant 

structures. The spillway structure should be structurally an<:l hydraulically adequate and 
must not give way under worst a.nd variable loading conditions. 

The required discharging capacity.of the spillway should be as closely estimated as 
possible. The underestimation will lead to overtopping of the main dam and its conse
quent damages ; while the over estimation will lead to unnecessarily costly constructions 
which shall never he utilised during the life of the dam, and hence, will remain a waste 

. investment. However, on large dams, a conservative view is always preferred because 
· the failure of a single dam due to inadequate capacity may result in the loss of numerous 
human lives to which no cost allocation can be made. Moreover, an emergency spillway 
or a breaching section is generally provided,· the failure of which under necessary 
circumstances, may though cause serious erosibn on the downstream, but shall protect 

~--lhe-mai-n-dam-from-failure-.-------------- ~ -~~,- -- ----- -- --________________ ____::.....: 

The water passing over the spillway and falling on the downstream side must not 
be allowed to erode the downstream soil, and hence, arrangements must be made for 
effectively dissipating the energy of the falli~g water. 

21.4. Controlled and Uncontrolled Spillways 

The flow of water over a spillway may be controlled by installing gates over the 
spillway crest. In such a case, the spillway.is known as a controlled spillway. The out 
flow can be controlled in such spillways and hence, preferred in modern days. However, 
some spillways are left just by constructing their crest at normal pool level. As water 
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will flow over such a spillway, depending upon the reservoir level and the correspondirig 
head over the spillway, such uncontrolled spillways are guided only by the available water 
head, and hence, are called uncontrolled spillways. The comparative advantages and disad
vantages of controlled and uncontrolled reservoirs have been discussed in chapter 18. 

VARIO US TYPES OF SPILLWAYS 

Depending upon the type of the structure constructed for disposing of the surplus 
water, the spillways can be of the following major types : 

(1) Straight Drop Spillway. 
(2) Overflow Spillway generally called Ogee Spillway. 

(3) Chute Spillway often called Trough Spillway or Open channel Spillway. 

(4) Side Channel Spillway. 
(5) Shaft Spillway. 
(6) Syphon Spillway. 

The various types of spillways enumerated above are described below along with 
the design details of 'Ogee Spillway' and 'Chute Spillway'. 

21.5. Straight Drop Spillway or ·overfall Spillway 

This is the simplest 
type of spillway and may/ 
be constructed on smal1 
bunds or on thin arch dams, 
etc. It is a low weir and 
simple vertical fall type 
structure, as show11 in_ fig. 
21.3. The downstream face 
of the structure may be 
kept vertical or slightly in
clined. The crest is some
times extended in the form 
of an overhanging lip, 
which keeps small dischar
ges away from the face of 
the overfall section. The 
water falls freely from the 
crest under the action of 

Free overfall 

Serious erosion is 
caused here if no 
apron etc. is provided 

Fig. 21.3. (a) Straight drop spillway 
without dis protection. 

gravity. Since vacuum gets 
created"'in-i-he---un-derside-~-"---:-- - - - 0 - - -

. . . Werr wall or 
port10n of the fallmg Jet, sp"illway wall 
sufficient ventilation of the 
nappe is required in order 
to avoid pulsating and fluc
tuating effects of the jet. · 
The design of such a 
spillway is done as that of 
a weir which was ex
plained in the chapter on 

Fig. 21.3. (b) Straight drop spillway 
with dis protection works. 
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weirs. Sometimes, a secondary dam of low height is constructed on the downstream side 
to create an artificial pool of water so as to dissipate the energy of the fal}ing water. 

21.6. Ogee Spillway or Overflow Spillway 

Ogee spillway is an improvement upon the 'free overfall spillway, and is widely 
used with concrete, masonry, arch and buttress dams. Such a spillway can be easily used 
on valleys where the width of the river is sufficient to provide the required crest length 

Upper 
nappe 

Fig. 21.4. (a) Section of an ogee spillway 
with vertical u/s face. 

and the river bed below can be protected from scour at moderate costs. The profile of 
this spillway is made in accordance with the shape of the lower nappe of a free falling 
jet, over a duety ventilated sharp crested weir, as shown in Fig. 21.4 (a). 

fig. :.d.4. (bJ Photoview of an Ogee1Spfil~ay of Amaravathi dam (earthem cum masonry dam) 
-- located on river Amaravathi (a tributary of river Cauvery) 

in Coimbatore District in Tamil Nadu state. 
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The shape of the lower nappe of freely falling jet over a sharp crested weir can be 
determined by the principle of projectile. It generally rises slightly (to point C) as it 
originates from the crest ( 0) of a sharp crested weir and then falls to make a parabolic form. 
Now, if the space between the sharp crested weir and the lower nappe is filled with concrete 
or masonry, the weir so formed will have a profile similar to an 'ogee' (S-shaped .curve in 
s~ction), and hence called an 'ogee weir' or an 'ogee spillway'. This lower nappe, will then 
become the crest of the spillway. Since the lower nappe of the free falling jet will be different 
for different heads over the crest of the sharp crested .weir, the profile of the ogee weir is 
generally confined to the lower nappe that would be obtained for maximum head over the 
spillway (i.e. upto the maximum reservoir level). 

In a free overfall spillway, the water jet falls clearly away from the face of the 
spillway .. and the gap between the jet and the face is kept ventilated. While in an ogee 
spillway, the falling water 
glides over the curved profile of 
the spillway, and there is no M.W.L. 
space between water and crest · - - - -- - - - - - -

- - Designed head - --~"'-' 
of the spillway, under normal __ _._ ___ ---"--,.,...,.,~ ~ 

d". - - - - - - -0 .. ·, '(> --~~ . design con 1t10ns. "' . . . . . ·. ~ 

Normally, the upstream U/S Face of . · -. z. •. 4.' ~ .'· ·-~~\ 
face of the spillway is kept ver- spillway ; ;i • ••·. · ·;, ·; ·._ ~ · :. ~~' 
tic al and the crest shape con- · " ' - ' · · ... · 
firms to the lower nappe of a :: ·>·_:: _:.:_·:~._-·.;:: __ i'; t>'. ~/·;; 
vertical sharp crested weir . - _,. 
under maximum head. But if the 

Crest of the 
spHlway 

upstream_face of the spillway is _ 
kept sloping, the crest shap_e_ Fig. 21S Ogeespiilwaycwithcinclinedu/s-face:- -

should also confirm to the lower nappe that would be obtained for an inclined sharp 
crested weir (Fig. 21.5). 

21.6.1. Cavitation. The crest of the ogee spillway can be made to confirm only to 
one particular nappe that would be obtained at one particular head. This head is called 
the designed head and represented by, say, Hd· But in practice, the actual head of water 
on the spillway crest, called the operating head, may be less or more than the designed 
head. If this operating head on the spillway is more than the designed head, the lower 
nappe of the falling jet may leave the ogee profile, thereby generating negative pressure 
at the point of separation. The generation of vacuum or negative pressure (i.e. pressure 
below the atmospheric pressure) may lead to formation of bubbles or cavities in the 
water.These cavities or bubbles_filled with air,_ vapour ll,nd ot)l.er ga,~es are formed in a __ _ 
liquid, whenever the absolute pressure (i.e. atmospheric pressure-vacuum pressure) of 
the liquid is close to its vapour pressure, so as to commence evaporation. Such a 
condition may arise when the head of water is more than the designed head and the 
consequent high velocity jet causes reduced pressures or negative pressures in the lower 
region of the water jet. 

Such cavities, on moving downstream, may enter a region where the absolute 
pressure is much higher (i.e. more vacuum). This causes the vapour in the cavity to 
condense and return to liquid with a res~lting implosion or collapse of the cavity. When 
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the cavity collapses, extremely high pressures are generated. The continuous bombard
ment of these implosions will thus take place near the surface of the spillway, causing 
fatigue failure of its material. The small particles of concrete or masonry are thus broken 
away, causing formation of pits on its surface and giving the surface. a spongy ap
pearance. This damaging action of cavitation is called 'pitting': The cavitation plus the 
vibrations from the alternate making and breaking of contact between the water and face 
of the spillway, may thus result in serious structural damages to the spillway crest. 
Hence, it can be cpncllµ]ed that if the head of water over the spillway is more than the 
designed head, cavitation may occur. On the other hand, if the head of water over the 
spillway is less than the designed head, the falling jet would adhere to the crest of the 
ogee spillway, creating positive hydrostatic pressures and thereby reducing the dis
charge coefficient of the weir. 

. e---, 
~ . 

~~ 

21.6.2. Designing the Crestof the Ogee Spillway. The ogee spill ways were I 
being designed in the earlier periods, in accordance with the theoretical profile obtained . i 
fTohr the !ow

11
er nhappde of, a frefe falhling jet. The pr

1
ofile was known, as Bazin's profilhe. ~· 

eoretica y, t e a option o sue a profile, "shou d cause no negative pressures on t e 
crest under designed head. "But in practice, th.ere exists a lot of friction due to roughness t 

.. on the surface of the spillway. Hence, negative pressure on such a profile seems 
inevitable. The presence of negative pressure causes the danger of cavitation and some
times fluctuations and pulsations of the nappe. Hence, while adopting a profile for the 
spillway crest, the avoidance of negative pressures must be an objective along with 
consideration of other factors such as practicability, hydraulic efficiency, stability and 
economy. Depending upon research work based on these objectives, various modified 

·profiles have been proposed these days. 

Several standard ogee shapes have been developed by U.S. Army Corp$ .Qt BJl_:

gineers at their' Waterways Experimeniaf.Station (WES). Such shapes are known as 
'WES .Standard Spillway Shapes': The dis profile can be represented by the equation 

x"=K·H/- 1 ·y ... (21.1) 

Slope of the u/sface of the spillway 

Vertical 

1 : 3 (IH: 3V) 

1 : I-} (IH: 1-}V) 

where (x, y) are the co-ordinates of the points on the • 
crest profile with the origin at the highest 
point C of the crest, called the apd. 

Hd is the design head including the velocity 
head. 

Kand n are constants depending upon the slope of 
the upstream face. The values of 
Kand n are tabulated in Table 21.1. 

---·------~-.::.......-------------.-· -~--· -- -

Table 21.1 

K n 

2.0 1.85 

1.936 1.836 

1.939 1.810 
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Vertical 

b-i 

Dis curve in 
accordance 
with eq·21-·2 

I 
I 

~Crest axis 

I 
r,=0·5Hd 
r1 =0·2 Hd 

, a=0-175 Hd 
b = 0·282Hd 

I ' l-b--J r,=0·68 Hct 
( r1 =0·21 Hd 
, a ·0·139Hd 

b "0·237Hct 

In accordance 
with eq. 21-1 

( ~) 

(ii) 

Thus, for a spillway having a ver
tical u/s face, the dis crest is given by 
the equation 

xl.85 = 2. ~.85. y ... (21.2) 

Different upstream curves were 
given by WES for different slopes, as 
shown in Fig. 21.6. 

According to the latest studies of 
U.S. Army Corps, the u/s curve of the 
ogee spillway having a vertical u/s 
face, should have the following equa
tion: 

0.724 (x + 0.27 Hd)!. 85 

y= ~-85 +0.l26Hd 

- 0.4315 ~-375 x (x + 0.27 Hd)0
·
625 

... (21.3) 

The u/s profile extends up to 

x=-0.27 Hd 

Co-ordinates for the upper nappe 
for various WES shapes of ogee 
spillway are also available and can be 
utilised in the design of training walls 

-=-c.-=•-=-=-- --- -_ • an:a-·spillway bridge{etc:-:··--:. c -

(ii.'tl 

Fig. 21.6. WES profiles for Ogee Spillways 
for different u/s slopes. 

The profile for an ogee spillway, 
having a vertical upstream face, can be 

·determined on the· basis of its WES 
profile, or Table 21.2 may be used for 
making the ogee profile. 

Table 21.2. Table for marking Ogee profile 

x' 
.. y 

Hd 
Hd 

LowerNappe UpperNappe 

.;.0 ...... _ - ------ --- ·c_·_-_- QJ..22_ 0.831 
0.10 -0.033 0.807 
0.25 -0.000 0.763 
0.50. -0.034 0.668 
0.75 - 0.129 0.539 
1.0 -0.283 C.373 
1.5 -0.738 -0.088 
2.0 -1.393 -0.743 

3.0 - 3.303 -2.653 

4.0 - 6.013 -5.363 

5.0 -9.523 -8.873 
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x, y) are the cb-ordi 
the profile as shown ~ates of a point on 

in Pig 21 7 
The co-ordinates · · · - - - - Ad"" - - - c:- · 

determine the crest .of the lower nappe 
ting of the upper nttofiJe, while the plot
mining the clearanc Ppe is useful in deter
bridge and the top le for the spillway deck 
on the sides of the s e:'els of training walls . 

Pill way 
After having · · 

profile of the oge Plotted most of the Fig. 21.7 
e Sp'lJ gradual reverse curv i way, a smooth · 

in Fig. 21. 8. The rev ature is provided at the bottom of the downstream face, as shown 
the spillway discha erse curve turns- the flow into the apron of a stilling basin or into 
satisfactory for this rge channel. A radius of about one-fourth of the spillway height is 

reverse bottom curve. · · · -

Tr.·.~ . 
. ... . · . 
. j •• :· • .,; ,' .• 

11 ::·;_:·.-..··:~·-
t"' " . . . . . ', ,. ... ( .. 

• ' 1r.,' Ii' • • • ~:- I>" <· _<·: > "·. ·.:·~ :·; -~: .·· ... · ... ... 

21 6 3 P 
Fig. 21.8 

• . . ractical . 
profile for the crest :Profile Consistent with the Profile of Gravity Dam. When the 
spillway is plotted Of the ogee 
gular profile of th Over the trian- Max. reservoir 

gravity dam (non-e Section of a Level 

tion), it is found Overflow sec- No_r_m_a,!-1 =p~oo~l=l,...ev~e=l-1 
beyond the downstre that it goes 
dam, thus requiring a.~ face of the 
the section·for the thickening of 

Gate 

Triangular profile 
reqd. for stability 
considerations 

-~!_-.9). This extra s~i~lw~~ (Fig. 
quired, can be sav Oncrete re
the curve of the na~cl b.y shifting 
ward direction until i~ in a back
comes tan gen ti h.1s curve be-
downstream face Of a.1 to the Fig. 21.9 . . 
providing a projectill. the dam (Fig. 21.10). Hence, a _savin~ can thus. be af~ected, by 
The construction of g corbel on the upstream face of the spillway sect10n (Fig. 21.10). 
Only the slight mocJ.. 11:1e spillway is thus carried out as if it was a non-overflow dam. 

lf1cations are made after reaching the required height (up to 0) at 
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which corbel is provided, and a 
smooth required curve OCA is 
given, as shown in Fig. 21.10. 

If the spillway is provided 
with gates on the upstream face to 
control the flow in outlet conduits 
(Fig. 21.9), then the corbel will 
i11terfere with· gate -operation -and 
hence the above concrete saving 
cannot be affected. 

The structural design and 

Max. R.l. 

Normal pool level 

Projecting 
corbel 

Triangular profile 
A reqd._ior s~abil"ity 

... ,,. _ cons.1derat1ons 
I 0 '. " ·-
I >- "· · .. : ~ 
I : ;.· : . ·>' 
I . ·',:.: . • .J:' " 

. I . . . • : ! 

No concreting 1 • ".• : : , : , " •• 
done here ::.--1'" '. '. · 'I> , ; ,, --~ '. 

I '" •. . . .. 
I , . . /$ • ', •• ~ .... • I>•' • 

l <~·~--:--~:_.-~ .... ·.::~_: ..... 
stability requirements of ogee Fig. 21.10. Provision of Corbel. 
spillway are exactly the same as that of a gravity dam. The forces acting on a gravity 
dam also act _on the ogee spillway and remain predominant. The pressure exerted on the 
crest of the spillway by the flowing water and the drag force caused by the fluid-friction 
are usually negligible as compared to other forces which are acting on a gravity dam 
and also act on an ogee spillway'. Hence, the design and construction of the ogee spillway 
is consistent with that of the gravity dam. Due to this reason, the spillway is sometimes 
called overflow portion of the dam, and the real dam section is termed as non-overflow 
section of the dam. 

However, the change in momentum of the flow in the vicinity of the reverse curve 
may create a dynamic force on the spillway, in addition to the forces acting on the 
gi;avity dam. This force must be considered in designing bottom of the d/s face of 
spillway or the bucket type energy dissipator. This is dealt separately while discussing 
the design of energy dissipators for the spillways. 

21.6.4. Discliarge Formula for the Ogee Spillway. The discharge passing over 
the ogee spillway is given by the equation : 

Fig. 21.11 

Q= C ·L H312 
e e ... (21.4) 

where Q = Discharge 
Le= Effective length of the spillway crest 
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C = Coefficient of discharge which depends 
· upon various factors such as relative 

depth ofapproach, [i.e. d/Hd ratio (Fig. 
21.11), relation of actual crest shape to 
the ideal nappe shape, slope of upstream 
face, downstream apron interference, and 
submergence, etc. 

H;, = Total head over the crest including the 
velocity head. 

If the discharge Q is used as the design discharge in Equation (21.4), then the term He 
will be the corresponding design head (Hd) plus the velocity head (Ha). In such a case, 
He= Hd +Ha. For high ogee spillways, the velocity head is very small, and He""' Hd. 

21.6.5. Variation of Coefficient of Discharge with Various Factors, This is dis
cussed below in details : 

(i) Depth of approach. The 
coefficient of discharge firstly 
depends upo~ the depth of ap
proach. In other words, it 
depends upon the height of the 

1·3 

1·2 

1 ·1 

ogee weir (h) to the design head c 1·0 
:c: 

over the weir (Hd). If the height + 0-9 

of the weir is more than 1.33 ? 0.8 
times the design head, the .., 

:c: 0·7 
velocity of approach has been .., 
found to have a neglig~ble effect i ~-6 

- -~- -'upon discliarge;· a:nd-as-s-ucli H'd·- ~--(5-5 

becomes equal to He or ~:i'0·4 

He 0·3 

Hd 
= 1.0. In such a case, )he 

0·2 

0.1 

0 / 
/ 

.. ·-·--

~ 
~, 

v' 

I I I 

111j "> .... Jo . :; 
I I I J g 

o,-

I !1//~" 
.h..=-0-, I) VJJ j:j_l -
Hd.~ '//, 'l -
~ V/ 

-I~ w 
~ ~ 
~ 

coefficient of 'discharge, say 
C =Cd, has been found to be 2.2 
in M.K.S. or S.J. Units and 4.03 
in F.P.S. Units. 

0·70 0·75 0·80 0·85 Q.90 0·95 1-00 
fer in which Cd; 2·2 

However, in low spillways, Fig. 21.12 

with Hh < 1.33 ; the approach velocity is having 
d 1·04 r--,---r--.-.-...--.---,,---, 

-~· -· an-appreciable-effeet,-'Fhe-eurves"·given-'in-'-Fig.--'c·'1. 03r.-.-..-+---+--+---+-+---+---i 

21.12 can be used in such cases, to evaluate the ~ 
1
_021-

12_:
1
-'t-'l-+---+-+---+--+---t--i 

coefficient of discharge C, using Cd= 2.2. 2 3:1 

(ii) Uls Slope. The coefficient of discharge § 1 ·0l!--'"k:-'~-+-.....,--1--+--+--1 

is also affected by the slope of the u/s face of the ~ 1·00f--t--+--+~~b-~-+-I 
ogee weir. The values of Cd and C found up to ~ 0·99i---+--+---+---+--.., 

now were for a vertical upstream face. If the u/s S 0·98~......__.__..__,_.._-+-_.__.. 
face is sloping, a correction factor by which the O 0·5 1~ 
above values of C should be multiplied can be - Ho 

obtained from the curves given in Fig. 2L13. Fig. 21.13 

2·0 
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. (iii) Dis apron inter- __ --~-------------:---T-------
ference and submergence ef- =-~ _ =- ~ _-= _ . 
fects. The third important - He - H - - - · hd 

factor affecting the discharge _:__ 1. _ t _ . · . : 
coefficientofanogeeweiris l K _ -_ -:._-_-_'-_-_ 
the effect of downstream . . h d Tail water 

. I depth 
apron rn te r fer enc e and t ...,..."7"7"~~,..t77""~..,-;,,,.,,., 
downstream submergence. 77//77 i /; 77/~ > 7,,,; // , / ;;;;77., >,, ;o; 

When the tail water Fig. 21.14. Maximum tail water depth 
1 

.. 

for a non~submerged weir. 
level is such that the top of 
the weir is covered by it, such that the weir cannot discharge freely ; the weir is then 
said to be a submerged weir. 

Where the hydraulic jump occurs, the coefficient of discharge may decrease due to 
back pressure effect of the downstream apron and is independent of the submergence 

. hd+d 
effect. When the value of~ (Fig. 21.15) exceeds 1.7, the downstream apron is found 

e 

to have negligible effect on the coefficient of discharge. But there may be a decrease in 
the coefficient due to tail water submergence. The correction factor, by which the value 
of C should be multiplied in order to get the modified or correct value of coefficient of 
discharge, can.be obtained from the curve of Fig. 21.15. 

1·0 -----
/ 

,,,... I 
/ 

~· / -

I 
.. 

.. 
J_ ---- -- -"-

' rh r Tail water 

I 
. dePth,d , . 

, 

0·8 

0·6 

0·4 

I 
-~~ 

I 0·2 

0 0·1 0·2 0·3 0·4 0·5 0·6 O'l 0·8 0·9 

Degree of submQ.rgence, hct_ 
d 

Fig. 21.15. Effect of submergence on C. 

21.6.6. EffectS of A.dual PrevailingKeaa on tlieJ)jsenargeCapacity-of_a_· -
Spillway. It was pointed out earlier that when once a spillway has been designed and 
constructed for a design head (Hd), and for a corresponding coefficient of discharge (say 
C), it will not always find the same head over its crest in its actual operations. The actual 
operating head (H) ii c velocity head, may be less or more than the designed head. Since 
the design is done for maximum head, the possibility of a head more than the designed 
head is very meagre. When the actual" operating head passing over the spillway is 'less 
than the designed head, the prevailing coefficient of discharge (Cd) tends to reduce, and 
is given by the equation 1-

1 
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.c,~c (J:.)°
12 

... (21.5) 

where He is the designed head including velocity 
head. 

Since an overflow spillway is sufficient in height (i.e h.> 1.33 Hd) ; the coefficient 
of discharge C at designed head can· be taken as. 2.2. The prevailing coefficient of 
discharge at 50%

1 
head (ii c velocity head) will then be . ~ · 

0.5 He . . . 
( J

0.12 . 

. Cd=2.2x ~· . =2.2x0.92=2.02. . 

Similarly, for still lower heads, the coefficient of discharge goes on reducing and 
tend~ to become constant at about 1.7. (Because at very low heads, the velocity head 
becomes the governing factor, which tries to make H a constant). 

Theeffective length (Le) of ogee spillway. 

The effective length of the spillway crest (Le) to be used in equation (21.4), is-given 
by the equation. 

O·+Ho t 
Blunt nose square pier, Cp=O·~ 

0·267Hd 

Square pier with corners rounded 
Cp=0·02 

90° Cut water Nose pier, Cp:: 0·01 

~0...-..\.. o'?/'" ------..--~-1 
"(' . 

......_ ___ __.._--l ers. 

Le=L-2[K ·N+K]H P a e 
... (21.6) 

where L = the net clear length of the spillway crest 
KP = Pier constraction coefficient 

Ka= Abutmen( c.ontraction coefficient 

N = Number of piers 
He= Total design head on the crest including 

velocity head. _ .. 

The values of KP and Ka depend mainl)'. upon 
the shape of the piers and tha.t of the abutments. 
The greater is the divergence from streamlined 
flow, the greater is the constraction coefficient 
and lesser is the effective length of the crest. A 
90° cut water nose pier is most efficient and has 
quite a low value of Ifp• and is generally preferred. 
Values of KP and Ka are given in Tables 21.3 and 
21.4. Various shapes of piers are shown in Fig. 
21.16 . 

Pointed nose pier Cp=0-08 
-· -Hg:-'2tt6-:-Yarioussnapesorpfers-: -~ -~ -'I'able 21.3 

S.No. 

1. 

2. 

3. 

4. 

Pier Shape 

Square nosed piers without any rounding 

Square nosed piers with comers rounded on radius equal to 
0.1 of pier thickness 

Rounded nose piers and 90° cut water nosed piers 

Pointed nose piers 

Contraction coefficient 
Kp 

0.1 

0.02 

0.01 

0.0 
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Table 21.4 

S.No. 

I. 

2. 

Shape of abutment 

Square abutment with head wall at 90° to the 
direction of flow 

Rounded abutment with head wall at 90° to the 
direction of flow 

Contraction coefficient 
Ka 

0.2 

0.1 

--···"~ 

llll 

21.6.7. Aeration Arrangements in Gated Ogee Spillways. The entire design of 
an overflow spillway has been done with the assumption that upper and lower nappe are 
subjected to full atmospheric pressure. But in practice; due to insufficient aeration, 
development of negative pressures takes place beneath-the nappe due to removal of air 
by the falling jet. The development of negative pressures causes the danger of cavitation 
and induces fluctuation and pulsation effects on the jet, which may be very objectionable 
if the spillway is to be used as a discharge measuring device. 

To control the development of negative pressures, aeration pipes 25 mm dia at say 
3 m centre to centre may be provided along spillway face below the gate lip. These pipes 
can be connected to a bigger sized header. Formulas have been developed on the basis 
of model studies, for evaluating the amount of air required for aeration, and may have. 
to be used in large dam designs, but are beyond the scope of this book. 

Example 21.1. Design a suitable section for the overflow portion of a concrete 
gravity dam having the downstream face sloping at a slope of 0.7 H: 1 V. The design 
discharge for the spillway is 8,000 cumecs. The height of the spillway crest is kept at 
RL 204.0 m. The average river bed level at the site is 100.0 m. The spillway length 
consists of 6 spans having a clear width of 10 m each. Thickness of each pier may be 
-taken to be 2.5 m. 

Solution. Since the given spillway looks like a high weir, the coefficient of dis
charge may be assumed to be 2.2. 

or 

or 

Now Q -= C. L H312 e e 

where Le = L - 2 [N KP + Ka] He 

Let us first work out the approximate value of He for a value of 

Le= L =clear waterway= 6 x 10 =.60 m. 

8,000 = 2.2 x 60 H~12 

H312 = . 8,000 60:6 
e 2.2 X 60 

. 2/3 
He= (60.6) = 15.5 m. 

The height of the spillway above the river bed (see Fig. 21.15) 

= h = 204 '- 100 = 104.0 m 

S. h . 104 1 33 
mce H/ z.e. lS.5 > . , 
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it is a high spillway, the effect of velocity head can, therefore, be. neglected. 
hd+d He+h 15.5+ 104 

Since ~=~ 15.5 > 1.7; 

the discharge coefficient is not affected by fail water. conditions, and the spillway remains 
a high spillway. 

Vis Slope. The upstream face of the dam and spillway is proposed to be kept · 
vertical. However, a batter of 1 : 10 will be provided from stability considerations in 
the lower part. This batter is small and will not have any effect on the coefficient of 
discharge. 

Effective length of spillway (Le) can now be worked out as 

Le=L-2 [N.Kp +Ka] He 

Assuming that 90° cut water nose piers and rounded abutments shall be provided, 
we have 

and 
Kp=0.01 

Ka=O.l 
No. of piers= N = 5. 

Also assuming that the actual value of He is slightly more than the approximate 
value worked out (i.e. 15.5 m), say, let it be 16.3 m, we have 

or 

or 

or 

. . Le= 60- 2 [5 X 0.01+0.1] X 16.3 = 55.1 m. 

Hence Q = 2.2 x 55.1 x H;12 

8,000 = 2.2 x 55.1 x Ii;12 

H312 = · 8,000 _ 66 O 
e 2.2X 55.1 · 

He= (66.0)213 = 16.4 m = 16.3 (assumed) 

H~nce,. the assumed He for calculating. Le is all right. The crest profile will be 
designed for Hd = ~6.4 m (neglecting velocity head). 

Note. The velocity head (HJ can also be calculated as follows : 

'' 1 .t f h V 8,000 
ye oc1 yo approac = a= (60 + 5 x 2.5)(104 + 16.4) 

= n.;~~0.4 =0.917m/sec. 

---------~. --- ---~-~ ¥~-'- (0;917)2 

Ha= Velocity Head"'.:. 
2
g = 2 x 

9
.
81 

= 0.043 m. 

This is very small and was, therefore, neglected. 

Downstream profile. The W.E.S. dis profile for a vertical u/s face is _g_iven by 
equation (21.2) as : · 

xl.85 = 2 . lf,;35 . y 
xl.85 xl.85 

or y= 2 (HJiJ.85 2 x (l.64)0.85 
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xl.85 

or y = 2 x 10.8 

or ... (21. 7) 

Before we determine the various co-ordinates of the dis profile, we shall first 
determine the tangent point. 

or 

or 

The dis slope of the dam is given to be 0. 7 H : 1 V. 

::!1_ _ _ 1 
dx - 0.7 Hence, 

Differentiating the equation of the dis profile w.r. to x, we get 

::!l_ l.85xl.85 - I 1 
dx=~-=o.7 

X0.85 = 21.6 - = 16.7 
1.85 x 0.7 

x=22.4m. 
(22.4)1.85 

y = 
2

1.
6 

= 14.6 m. 

The co-ordinates from x = 'O to x = 22.4 mare worked out in Table 21.5. 

x 
metres 

Table 21.5 

XJ.85 

y = 
21

.
6 

metres 

0.046 

2 0.166 

3 0.354 

4 ~~ 

5 - 0.905 

6 1.274-

7 1.710 

8 2.162 

9 2.684 

10 3.240 

12 4.575 

14 6.020 
------------ -- -------- --- --'-16- ________ , ___ _:__:__; ___ - --9-;-s-s----C----'---'---"-_:__:___=--------

18 9.74 

20 11.85 

n 14.35 

22.4 14.60 

The u/s profile. The u/s profile may be designed as per equation (21.3), as : 
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0 724 (x + 0 27 H )1.85 .·. 
Y = . IIJ·~5 d + 0.126 Hd - 0.4315 IIJ.375 (x + 0.27 Hd)°· 625 

Using Hd = 16.4 m, we get 

= 0.724 [x+ 0.27 x 16.4]
1
·
85+ 0. 126 (1 6.4) 

y (16.4)°·85 . 

- 0.4315 (16.4)0.375 (x + 0.27 x 16.4)°·625 

or y = 0.07 (x + 4.44)1-85 + 2.07 - 1.234 (x + 4.432)0
·
625 ... (21.8) 

This curve should go upto x = - 0.27 Hd 

or x = - 0.27 x 16.4 = - 4.443 m. 
Various values of x such as, x=-0..5,x=-l.O,x=-2.0, x=-3.0,x=-4.0, 

x = - 4.443 are substituted in equation (21.8) arid corresponding values of y are worked 
out, as given below in Table 21.6. 

··Table 21.6 

x in metres yin metres 

-0.5 0.020 

-1.0 0:063 

-2.0 0.27 

-3.0 0.65 

-4.0 1.34 

-4.443 2.07. 

Z·07;;~t-- · 1-x Y .--Tangent pt. 

(22-4.14·8) 

4·443 

1:10 

~ 
' 
~Axis of i ,prnway 

Fig. 21.17 -

The profile of the spillway has been determined and plotted in Fig. 21.17. A reverse 

curve at the toe with a radius equal to 1 = ~~4 = 26 m can be drawn at angle 60°, as 

shown in Fig. 21.17. Aeration pipes (say 25 mm pipes at 3 m c/c) can be installed along 
I the spillway face below the gate lip, so as to prevent the development of negative 

Ill pressures. The energy dissipation arrangements have not been shown. They should be 
11 designed depending upon the position of the jump height curve and tail water curve, as 

explained afterwards. A sky jump bucket or an apron may be provided as per the · 
prevailing conditions. 

21.7. Chute Spillway or the Trough Spillway 
-·----~Kn~o_:ge-e_:__sl)-fltway-is-moStly-suitabI-e-iot-c-on-ctete--gravity-da:m.g-espeei-ally--whe-n- -the 

spillway is located within the dam body in the same valley. But for earthen and rockfill 
dams, a separate spillway is generally constructed in a flank or a saddle, away from the 
main valley, as explained earlier. Sometimes, even for gravity dams, a separate spillway 
is required because of the narrowness of the main valley. In all such circumstances, a 
separate spillway may have to be provided. The Trough Spillway or Chute Spillway is 

. the sim~lest type of a spillway which can be easily provided independently and at low 
costs. It is lighter and adaptable to any type of foundations ; and hence provided easily 
on earth and rockfill dams. A chute spillway is sometimes known as a waste weir. If it 
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is constructed in continuation 
to the dam at one end, it may 
be called a flank weir. If it is 
constructed in a natural saddle 
in a bank of the river separated 
from the main dam by a high 
ridge, it is called a saddle 
weir. 

A chute spillway (Fig. 
21.18) essentially consists of a 
steeply sloping open channel, 
placed along a dam abutment 
or through a flank or a saddle. 
It leads the water from the 
reservoir to the downstream 
channel below. The base for 
the channel is usually made of 
reinforced concrete slabs, 25 
to 50 cm thick. Light reinfor

= =-=o/s River channel= =: .:::- .::: 

Fig. 21.18 (a). Simplified Line sketch of a Chute Spillway. 

cement of about 0.25% of the concrete area is provided in the top of the slabs in both 
directions. The chute is sometimes of constant width, but is usually narrowed for 
economy and then widened near the end to reduce the discharging velocity. Expansion 
joints are usually provided in the chute at intervals of about 10 metres in either direction. 
The expansion joints should be made watertight so as to avoid any under-seepage and 
its troublesome effects. Under-drains are also provided, so as to drain the water which 
may seep through the trough bottom and side walls. These under-drains may be in the 
form of perforated steel pipes, clay tiles or rock-filled trenches. 

If the slope of the chute can confinl1 to available topography' the excavatiohnliall 
be minimum. But the slope of the chute must be high enough, and should atleast be able 
to maintain super critical flow, to avoid unstable flow conditions. 

F~g. 2L8. (b) Photoview of the Chute Spillway of Anderson Ranch Dam, Idaho (USA). 
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Fig. 21.!8: (c) Photoview of two chutes provided at Bhakra Dam (India). 

Normal pool level 
(full reservoir level) 

Tile dra·ins 
surrounded by gravel 

Fig. 21.18. (d) Section through a Chute Spillway. 

When a vertical curve is provided at a point where the chute slope changes, it must 
be gradual and designed so as to avoid any separation of flow. 

21.7.1. Control Structure or a Low Ogee Weir. Since the trough spillway is 
provided in a flank or a saddle, the height of spillway or ogee weir reqmred to be 
constructed in that flank, will be small ; sometimes almost flat low weir shall be required. 
depending on the natural levels of the bottom of the flank. If the flank bottom is at a 
level lower than the natural pool level, an ogee weir shall have to be constructed upto 
that level. If the flank bottom is at higher level than the normal pool level, excavations 

- ----Wi-11-ha:v:e to be done upto that level. In such a case, the weir crest is normally_l~ft flat 
as it shall seldom be economical to excavate the rock just for the sake of constructing 
9n 'ogee shape' for obtaining high coefficient of discharge. 

21.7.2. Chute Slope. The water spilling over the control structure (i.e. ogee weir), 
then flows through the chute channel. The minimum slope of the chute is governed by 

·the condition that supercritical flow must be maintained. The slope of the chute is. kept 
just sufficient to meet this flow requirement ·from the crest for as long a distance as 
possible without any filling. After that, the slope is made as steep as possible without 
endangering the stability or without getting into heavy excavations. 
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Fig. 21.18. (e) Layout Plan of Tionesta Chute Spillway. 

21.7.3. Side Walls. The side walls (called training walls) of the chute should be of 
such a height that water does not spill over them. A sufficient freeboard must, therefore, 
be provided above the top water nappe, for obtaining the top levels of .the side walls. 
The freeboard is generally given by equation, 

Freeboard= 0.61+0.04Vm · d~3-(M.K.S. or S.I~ units) _ cc·-(21.9) 

where Vm = mean velocity of wate~ in the chute reach 

dm = mean depth of water in the chute reach 
under consideration. 

The side walls of the chute may be kept vertical or sloping. But in the vicinity of 
gated ogee weirs, they will have to be vertical. Generally, a rectangular chute channel 
is designed. 

21.7.4. Design of the Small Ogee Weir Required as a Control Structure for the 
Chute Spillway. The profile for low ogee weir as recommended by W.E.S. confirms to 
the following equations for different ratios of Haf He, where Ha is the head due to 
velocity of approach and He is the design head over the crest including velocity head, 

. _ ___Le~_(H_e = Hd.+. Ha)· 

Table 21.7. Table showing equations for dis profile of a low ogee weir 

0.0 

0.08 

0.12 

h 
·H, range 

~ 1.0 

1.0- 0.58 

0.58 - 0.30 

Equation for the dis profile 

xl.78 = 1.852 H,l.78. y 

xl.75 = 1.869 H,J.75. y 

xl.747 = 1.905 H,J.747. y 
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vel head 
Ha-~-~-

h 

D/S Profile ;1 
I I 

I I 
I Ir =-2He 

/ I 
I 

Fig. 21.19. Profile ofihe small ogee weir to be used 
as control structure for a chute spillway. 

The co-ordinates of the u/s profile, which should merge in a slope of 45° (i.e. 1 : 
1), as shown in Fig. 21.19, are given in Table 21.8. 

Table 21.8. Co-ordinates of u/s profile for low ogee weir 

_l_ Ha 
for different values of H 

x He e 
He 

~: =0.00 Ha =008 Ha =012 
He . He . 

-0.000 0.0000 0.0000 0.0000 

-0.020 0.0004 0.0004 0.0004 

-0.060 0.0036 0.0035 0.0035 
-0.100 0.0103 0.0101 0.0099 
-0.120 0.0150 0.·0150 0.0147 

- 0.140 0.0207 0.0208 0.0199 
- 0.150 0.0239 0.0235 0.0231 
- 0.160 0.0275 - 0;0270 -· 0,0265 
-0.175 0.0"333 0.0328 0.0325 

-0.190 0.0~99 0.0395 0.0390 

-0.195 0.0424 0.0420 -
-0.200 0.0450 - -

The reverse curve at the toe may have a radius equal to 2H •. 

21.7.5. Design of Vertical Curves of the Chute. This is discussed below : 

Concave Curve. Whenever the slope of chute changes from steeper to milder [Fig. 
21.20 (a)], a concave vertical curve shall be provided. In no case, the radius of this curve 
should be less than 10 d, where d is the depth of water in metres. 

',J{ . Convex curve. Whenever the slope of the chute changes from milder to sleeper [Fig. 
·~r~~.2T:-10""-:-(b-·)l, convex vertica:i-cutve-shan··have-1oc he~provitled.-+he-Gur-vature~-should._ 
: ,', approximate to a parabolic shape given by the equation : . 
111:'11 i2 
· q=-xtane--------- ... (21.10) 

I I 

I I 

K [4 (d + hv) cos2 9] 
where e is the slope angle of the floor upstream ; 
(d + hv) is the specific energy of flow at the junc

tion point ,; 
K is constant which is ;;:: 1.5. 
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I Min.radius=100 

Fig. 21.20 (a). Concave Vertical Curve. 
' 
: Junc1ion poin1 _ -(1 :SI 

'77'"77-7'7"~777777..,,.,.'l'".>-:;:- - - - - - - - - - - - --X 

Y-axis 

Fig. 21.20 (b). Convex Vertical Curve. 

21.7.6. Approach Channel of Chute Spillway. An entrance channel called an ap
proach channel, trapezoidal" in shape with side slopes 1 : 1, may be constructed so as to 
lead the reservoir water up to the control structure (low ogee weir). If any curvature (in 
plan) is required, it is generally confined to the entrance channel, because the velocity 

-oCflow-is low 1n= Uiis clfanneL The chute=channel,caHed"the:cdischarge=charrnel or
discharge carrier is generally kept straight in plan. If, however, any curvature is required 
to be provided, its floor should be super elevated to guide the high velocity flow around 
the bend, thus avoiding piling up of flow towards the outside of the chute. The friction 

~ 

head lost in the entrance channel upto the spillway crest can be calculateci by Manning's 
formula, given as : 

n2 
· V2 

· L 
h1= s1 x L = 413 ... (21.11) 

R 
where n =Manning's coefficient of roughness 

V= Velocity in channel 
R = Hydraulic mean depth 

__ ---------~ __ _ L = Length of channel 
----5;;--:Meari- energy slopeb~tween two pomts. 

The entire chute spillway can hence be divided into the following parts : 

(i) Entrance channel 

(ii) Control structure (Low Ogee weir) 

(iii) Chute channel or Discharge carrier 

· (iv) Energy dissipation arrangements at the bottom in the form of a stilling basin. 
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Position of Stilling Basin for Energy Dissipation by Hyd~aul~c Jump (Explained later)• 

From Table 21.11, the depth at tail water level 

Hence 

d=2.015m 
F=9.00 
V=40m/sec. 

y1 =2.015m 

V1 = 40 m/sec. 

F1 =9.0. 

Y2 = ~ [ '\/1+8Ft - 1] = 
2·~15 [ ../1+648 - 1] 

= 1.0075 [../649 - 1) = 24.7 m. 

Provide the basin tail water depth, 50% more than the conjugate depth, as the Froude 
number is large, or at a depth 

= 1.05 x Y2 = 1.05 x 24.7 
= 25.9m say; 26 m. 

Hence, floor level of jump basin 

= 103-26=77.0m. 

U.S.B.R. stilling basin II c:an be provided. This is described in this chapter in article 
21.15. 

21.8. Side ChannelSpillway 

The side channel spillway (Fig. 21.22) differs from the chute spillway in the sense 
that while in a chute spillway, the water flows at right angles to the weir crest after 
sgi11!11_g over jt,_ whe_!"e_as in a side channel spillway the flow of water after spilling over 
the crest, is-turriea-bi90°. such-that H flows parilfefto the· weir ·cresf'TAB)~=as=-shown in 
Fig. 21.22 (a). 

This type of spillway is provided in narrow valleys where no side flanks of sufficient 
width to accommodate a chute spillway are ·available. If a crest length equal to AB is 
provided along AC (i.e., along axis of a chute spillway), heavy cutting shall be required. 
In such topographies, a chµte spillway may be replaced by a side channel spillway. 

The design of side channel, required for diverting the flow, is beyond the scope of 
this book. However, it may be mentioned that the analysis of flow in the side channel, 
is made by the application of the momentum principle in the direction of flow. The water 
entering the side channel has no momentum in the direction in which it has to move. 
The slope of the side channel should, therefore, be sufficient to overcome friction losses 

· as-wellastcqJtbvide acceleration-in the·direction-0ffl0w-against-'tlle-mass-ofJ.nc_oming __ . 
water. 

After the end of the crest A, the water is taken away as. in an ordinary chute channel, 
till it joins the river downstream. 

* Readers are advised to go through this article, only after going through its theory as given i"n article 
21.11. 
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Water spilling 
over the crest is 
turned by 90° 
made to flow 
parallel ·to crest 
1n the side channel 

Side walls of 
chute channel 

IRRIGATION ENGINEERING AND HYDRAULIC STRUCTURES 

c 

Water 
of chute 
jo·1ning 
river D/S 

Possible axis 
for a trough 
spillway· 

Fig. 21.22. (a) Simplified line sketch of a Side Channel Spillway. 

Fig. ;n.~2. (b)_~aro~t plan_~{ a_ Side_ Channe! Sp~lway. 

Many other spillways may be constructed somewhere in between the chute spillway 
and the side channel spillway. In such cases, the direction of water after passing over 
the crest is changed 'somewhere between 06 and 90°. . . 

21.9. Shaft Spillway 

In a shaft spillway (Fig. 21.23), the water from the reservoir enters into a vertical 
shaft which conveys this water into a horizontal tunnel which finally discharges the 
water into the river downstream. Sometimes, the vertic~I shaft may be excavated through 
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some natural rocky island _-_: ..= =- -=. - -= :.._ = 
or rocky spur existing on · - - - - - - - - -

the u/s of the river near ::-..::::-:_ -- = ...:::::: ..:::: ....::::: R.L.~ormal poof
- - - - - .,.... - - - level-~..: 

the dam. Sometimes, ar- · ... -;,.._,~-.-.-:--:-,;. .. - - - - - - - - -- ;-: .. -:.-
tificial shafts may be ·· ~~ 

1 constructed. For small 
heights, the shafts may be 
constructed entirely of 
metal or concrete, or clay 
tiles. But for larger 
heights, reinforced ce-
ment concrete may be 

0, 

c;, 
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Gradual 
transition " 
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Vertical pipe 
called shaft 

Horizontal tunnel 
;,._.__,..,..-:-T"="-o-r-~.....,..,.~ \ ......... ··.···= ·-.. -.;- .. :..-.·.- .. :-- .::-,. 
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used. For smaller heights, 
no special inlet design is 
necessary, but on large 
projects, a flared inlet 
called morning glory is 
often used. ~ .., Water joining -.,._ ___ - the river · 

The horizontal tun
nel or the conduit may be 
taken either through the 
body of the dam (as may 

Fig. 21.23. Shaft Spillway. 

down strea·m 

be done in concrete gravity dams) or below the foundations (as may be done in earthen 
dams). The diversion tunnels constructed for diversion of the river, may sometimes be 
planned and used for shaft spillways, as shown in Fig. 21.24. 

Sealed or plugged 

Fig. 21.24. Diversion Tunnel being used as a conduit for the shaft spill way. 

A shaft spillway may be adopted when the possibility of an over-flow spillway and 
a trough spill way has been ruled'ceut -becauseof-non-a¥ailability of space due_to_to.p_og_-__ 
raphy. The choice may then lie between a side channel spillway and a shaft spillway. If 
some suitable rock spur, etc. is available near the reservoir on the upstream, naturally,' 
shaft spillway may become· economical and consequently the first choice. 

The discharge through the shaft spillway does not increase at such a high rate as it 
increases in weir type spills. Hence, if the unestimated high floods occur, the shaft . 
spillway may not prove as useful as a weir type spillway (such as overflow, chute or 
side channel) would have been. Hence, a shaft spillway design should be much more 
conservative than that of othe.r weir type spillways. 
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A gradual transition must be provided between the vertical shaft and the horizontal 
conduit, in order to avoid danger of cavitation. Hydraulic analysis of shaft spillways is 
difficult and their functioning is generally tested in models. The entry of debris and other 
materials floating in the reservoir must be prevented from entering the shaft, otherwise, 
they will clog the shaft or the conduit, especially at the junction point. Properly designed 
or tested trash racks or floating booms may be provided for this purpose. Since, a shaft 
spillway is surrounded by water on all sides, it must be connected to the dam or the hill 
side by a bridge. 

21.10. Syphon Spillw::iy -

A siphon spillway essentially consists.of a siphon pipe, one end of which is kept 
on the upstream side and is in contact with the reservoir, while the other end discharges 
water on thedownstream side. Two typical installations of siphon pipes are shown in 
Figs. 21.25 and 21.26. 

21.10;1. Tilted Outlet Type of a Syphon Spillway. The siphon pipe in Fig. 21.25 
has been installed within the body of the dam. Whe.n the valley is very narrow and no space 

'.is availabk for constructing a separate spillway, the siphon pipes can be installed within the 
dam body, as shown in Fig. 21.25. An air vent may be connected with the siphon pipe. The 

Fig. 21.25. Siphon pipe installed within the gravity dam. 

level of the air vent may be k~pt at normal pool level, while the entry point of the siphon 
pipe may be kept still lower so as to prevent the entry of debris, etc. in the siphon. The 
outlet of the siphon may be submerged so as to prevent the entry of the air in the siphon 
from its dis end. 

When the water in the reservoir is 1upto or below the normal pool level, air enters 
the siphon through the yent and s_ii:>ho_!!i_t_a.f.!!Qll_.f~nn,o_Lti!~~RJ~ce._Wh~n_9J1Q.~the wate_I____c_ __ 

-revel in the reservoir goes above the normal pool level, and if once the siphon is filled I 
-with water (i.e., it is primed) ; the water will start flowing through the siphon by siphonic 
action. The outflow will continue till the water level in the reservoir falls back to normal 

1

1,. 

pool level. As soon as it happens, the air will enter the siphon through the new exposed ~ 
air vent and the flow will stop. 

Discharge formula. The velocity of flow at the outlet of the siphon can be obtained 
by equating the effective head H1 (i.e., the difference of water level in the reservoir and 
the tail water level, for submerged outlet) to the ".elocity head. 

:.'\ 
I 
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vz 
-=H· 

or 

2g ! 

V=..J2gH1 

Q =Discharge= Cd · A .Y2gH1 • 

Hence, the discharge through the siphon is given by the equation, 

Q = Cd A · ..J2gH1 

1133 

... (21.13) 

where Cd is the co-efficient of discharge, which is 
. usually about o:9. 

The above equation clearly shows that the discharge, through a siphon spillway is 
sufficiently independent of the water surface elevation of the reservoir. If the water 
surface in the reservoir rises, the discharge through the spillway is affected to a less extent 
because change in H1 is small as compared to the corresponding change in head over an 
ogee type spillway. Hence, the discharge through the siphon is nearly always at capacity, 
when once the water level has risen above the normal pool level. This makes the siphon 
spillway particularly advantageous in disposing of sudden surges of water, such as may 
occur in canals and forebays when the outlet gates are closed rapidly. As the rise of water 
above the crest level is smaller (because of higher di;;charging capacity even at the start 
of inflow flood above normal pool level), the height of the non-overflow section of the 
dam can be kept smaller for the same height of overflow section. 

Sometimes, it may not be possible to keep the outlet submerged in tail water because 
of limitations of negative pressure at the crown. In such a case, the outlet can be left 
open above the water level, but air entry through the outlet will have to be controlled 
by priming devices. The effective head H1, in such a case, will be the difference of 
reservoir water level and outlet level of siphon. 

21.10.2. Hooded Type of a Syj>hon S_pillway. The construction of a Hooded type 
ofSiphon spillway[Fig. 21.26 (a)) is more commonly adopted. In this case, a reinforced 
concrete hood is constructed over an ordinary overflow section of a gravity dam. The 
inlet of this hood is kept submerged so as to prevent the entry of debris, ice, etc. A small 
depriming hood is kept above the main hood and both these hoods are connected by an 

DEPRIMER HOOD 

RE~E13YOI~ Ll~!'_E!:_ _ 
J 

CROWN 

- - - - -t- -
SIPHON I 
HOOD I 

H1 

-- -_f_!ijii(_~~~~----- -~ --~ 
t 

, . . · -,OUT LET' 

\ 'J> :: ~ •• l 
;.'<:lOVE'f! FLOW •• · _ · T.W.L_ 
, • SPJ1:-[.WAY . • , 
~ ... ~ • ....q' '. :_ :'7"" . - -_ ~ __ -== 
' • ~. • ~ . ... . . ·,,. ~ -:= --

- - .... - .. -· - ........ ~ - -,:: 

Fig. 21.26. (a) Siphon installed over tl;le overflow spillway 
to increase its effectiveness and discharging capacity. 
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·. 21.10.4. Negative Pressures: As soon as the siphon is primed, a vacuum is formed 
at the throat. The negative pressure developed should be limited to such a magnitude 
that the absolute pressure of water does not exceed the vapour pressure of wate1 at the 
temperature. This is necessary to avoid cavitation (explained earlier) and its ill effects. 
Hence, on an average, a maximum negative head equal to 7.5 m or so can be allowed. 
In other words, the vertical distance from the crown of the siphon (Top point) down to 
the discharging point (more precisely it is down to the hydraulic gradient line) should 

not exceed a value of about 7.5 m or so, under average conditions [·: atmospheric 
pressure_- vapour pressure =limiting vacuum pressure ; or 10 - 2.5 = 7.5 m of water': 
At high altitudes or in hotter regions, this limit may still go down. This fixes a limit on 
H1 and on the discharging capacity of a siphon spillway. 

Both types of syphon spillways described above are known as Saddle siphon 
spillways. A special type of siphon spillway called Volute Siphon Spillway has been 
designed in India by Ganesh Iyer and is shown in Fig. 21.28 . 

DEPRIMER 
.;···· 

R.C.C. PLATFORM 

DOME 

SIDE WALL OF ____ , 

DOME 

Fig. 21.28. Volute Siphon Spillway. 

ENERGY DISSIPATORS 

21.11. Energy Dissipation below Overflow Spillways 

The water flowing over the spillway acquires a lot of kinetic energy by the time it 
reaches near the toe of the spillway (because of conversion of potential energy into 
kinetic energy). If arrangements are not made to dissipate this huge kinetic energy of 
water, and if the velocity of water is not reduced, large_scale scol1r _c:gn t~Ke_gh1ceo _n __ 
the downstream side near the toe of the dam and away from it. These arrangements are 
known as energy dissipation arrangements or energy dissipators. 

In general, the kinetic energy of this super-critical flow can be dissipated in two ways : 
(i) By converting the super -critical flow into· sub-critical flow by hydraulic jump . 

. (ii) By directing the-flow of water into air and then making it fall away from the 
toe of the structure. The energy is 'dissipated by the aeration of jet and impa.r:.t 
of water on the river bed. Though some scour will take place, but it is too 
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small or too far away from the dam to endanger it. Bucket type energy 
dissipaters work on this principle. 

21.11.1. Hydraulic Jump Formation. The phenomenon of hydraulic jump has al~ 
ready been explained in details in Chapter 10. It was mentioned therein, that a hydraulic 
jump can form in a horizontal rectangular channel, when the following relation 1s 

satisfied between the pre-jump depth 6'1) and post-jump depth 6'2) . 
• 

YI ... I yf ·'ld._ 
Y2 =-2+ \J 4+ gy

1 
i.e. Eq. (10.4) 

- where q is the oischarge intensity. 
For a given discharge intensity over a spillway, the depth y1 is equal to 

q/V1 ; and V1 is determined by the drop H1, being equal to °'12gH1 • 

UIS_ T!.-h· _______ ·- ---T--T-
1 HL 

I D/S T.E.L: 

-·*-- -· - ----

Fig. 21.29 

Hence, for a given discharge intensity and given height of spillway, y1 is fixed and 
thus Y2 (i.e. the dep!}l required.for the.formation ofhydraulic jump) is also fixed. But 
the availability of a depth equal to y2 in the channel on the dis cannot be guaranteed as 
it depends upo.n the tail water level, which depends upon the hydraulic dimensions and' 
slope of the river channel below. The problem should, therefore, be analysed before any 
solution can be found. Hence, for different discharges, the tail water depth is found by 
actual gauge discharge observations and by hydraulic computations. The post jump 
depths (y2) for all those discharges, are also computed from equation (10.4). If a graph 
is now plotted between q and tail water depth, the curve obtained is known as the Tail . 
Water Curve (T. W.C.). Similarly, if a curve is plotted on the same graph, between 
q and y2, the curve obt?ined is known as the Jump Height Curve (J.H. C.) or y2 curve. 

Now there are five possibilities 

(a) T.W.C._ coinciding with y2 curve at all discharges [Fig. 21.30 (a)]. 
-~-~--------· ___ _o __ -_ _-_ ----~--- ·-----C- ------ -- -------------------- -------

r.w.c. COIN ClDI NG 
Y2 CURVE 

q 

(a) 

DEPTH 1 

-----< ... q 

(b) 
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(b) T.W.C. lying above the _y2 cur~e at all discharges [Fig. 21.30 (b)]. 

(c) T.W.C. lying below the y2 curve at all discharges [Fig. 21.30 (c)]. 

DEPTH I 
Yz -

CURVE:---
/ 

/ 

____ q 

(c) 

(d) T.W.C. lying above the 
y2 curve at _smaller dis
charges and lying below 
the y2 curve at larger dis
charges [Fig. 21.30 (d)]. 

(e) T.W.C. lying below the 
y2 curve at smaller dis
charges and lying above 
the y2 curve at larger dis
charges [Fig. 21.30 (e)]. 

O<PTH t 
I 

DEPTH 1 

---q 
(d) 

---q 
(e) 

Fig. 21.30 
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Depending upon the relative positions of T.W.C. and Y2 curve, the energy dissipa
tion arrangements can be provided below the spillway, as explained below for all these 

__ fi}le_cases. -
--_:.--::---:::-:-·::-_ - - ::--- - -- -----------~-

-21.ll.l.1. Energy dissipators for case (a) : When T. W.C. coincides with Y2 curve 
at all discharges. This is the most idea_I condition for jump formation. The hydraulic 
jump will form at the t9e of the spillway at all discharges. In such a case, a simple 
concrete apron of length 5 (y2 - y1) is generally sufficient to provide protection in the 
region of hydraulic jump, as shown in Fig. 21.31 (a). 

- T.W.L 
- -- ----·--- - -- - -

Fig. 21.31. (a) Simple horizontal apron. 

STILLING 
BASIN 

- i 

I 
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.21.11.1.2. Energy dissipators for case (b) : When T. W.C. is lying above 1the y2 
c·urve at all discharges. In this case, when y2 is always below the tail water, th~__jump 
forming at toe will be drowned out by the· tail water, and little energy will be dissipated. 
Water may continue to flow at high velocity along the channel bottom for a considerable 
distance. 

,_\ The problem can be solved: 
·:7.~ (i) by constructing a sloping apron above. the river bed level as show~ in Fig. 21.3 I 

{b1). The jump will form on the sloping apron where depth equal to y2 (lesser than the 
--. ,c -~_,__·:~·k-- ~·-

SLOPING APRON ABOVE 
THE .BED 

t 
TWL 

Fig. 21.31. (b1) Sloping apron above the bed. 

tail water depth at toe) is available. The sfope of the apron is made in such a way that 
proper conditions for a jump will occur somewhere on the apron at all discharges; A lot 
of extra concreting is required to be done, as shown. · 

(ii) A secon_d solution of this problem caq be in the form of providing a roller bucket 
type of energy dissipator. It consists of an apron, which is upturned sharply at ends, as 
shown as in Fig. 21.31 (b2). · ····- - · --· 

Fig. 21.31. (b2) Roll~r Bucket. 

Two main rollers are formed which dissipate the energy due to internal turbulence. . 

The roller which is formed downstream of the bucket, tends to move the scoured 
bed material towards the dam, thus, preventii:J.g serious scour at toe of the dam. Some
times, the scoured material may enter the bucket under the action of u/s roller, and may 1 

c
1
ause severe abrasion. A dentated bucket lip may, therefore, have to be provided; so as 

to permit removal of material caught in the bucket. 
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21.11.1.3. Energy dissipators for case (c) : When T. W.C. lies below the Y2 curve 
at all dischages. (i) If the tail water is very low, the water may shoot up out of the above 
bucket, and fall harmlessly into the river at some, distance downstream of the bucket. 
This bucket is then known as ski jump ·bucket and can be used for energy dissipation in 
case (c) : i.e. when the tail water depth is insufficient ol: low at all discharges. The ski 
jump bucket type of an energy dissipator requires sound and rocky river bed, because a 
part of the energy dissipation takes place by impact, although some of the energy is 
dissipated in air by diffusion and aeration. · 

Fig. 21.31. (c1) Ski jump bucket. 

(ii) The second solution to the problem can be the provision of a sloping.apron as 
in case (b) but below the river bed, as shown in Fig. 21.3_1 (c2). The required-depth y2 

Fig. 21.31. (c2) Sloping apron below the bed .. - ----- --------- ---- -------- ------- ---- ~--- ------- -~-:.__· _ _:_ __ _:__--..::....__: _________ ._ ~ --- -

which is greater than T.W. depth, can thus be made available by letting the jump form 
on this sloping apron as shown. This sloping apron and the horizontal cistern of length 
5 (y2 - y1) shall be entirely in cutting and may be expensive, though otherwise quite 

satiacto~. 

(iii) The third solution to this problem may be the construction of a subsidiary .dam 
below the main dam, so as to increase the tail water depth and cause a jump to form at 
the toe of the main dam, as s~own in Fig. 21.31 (c3). 
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{BAFFLE WALL 

DAM 

Fig. 21.31. (c3) Sub~idiary dam construction. 

If the tail water defficiency is small, a baffle wall or a row of friction blocks may 
1 ;; be provided so as to dissipate the residual energy. The baffles, generally give way, under 

high velocity jets due to their cavitation effects, and hence; are suitable only for low 
spillways or weirs. They should be sufficiently strong to withstand impact from ice and 

··floating debris. The location, shape, size and spacing of these baffles can be best 
determined by model studies. Their use for weirs and canal falls have already been 
explained in rhe earlier chapters. 

21.11.1.4. Energy dissipators for case (d). When T. W.C. lies above the y2 curve 
at low discharges and lies below the y2 curve at high discharges. In this case, at low 
discharges, the jump will be drowned and at high discharges, tail water depth is insuf

, :ficient. The solution to the problem lies in providing a sloping a:pron partly above and 
· partly below the river bed as shown in Fig. 21.31 (d). The.horizontal apron and end sill 

should also be provided . 

......._ LOW 
- '-.. DI SC HARGES 

"...,rHIGH DISCHARGES 

At low discharges, the jump will form on the apron above the river bed, where the 
available depth is equal to the required depth and Jess than the T.W. depth. Similarly, at 
high discharges, the jump will form on the apron below the river bed, where the available 
depth is more than the T.W. depth and equal to the depth required for jump formation. 

21.11.1.5. Energy dissipators for case le). When tail water depth is insufficient at 
low discharges and is greater at high discharges. This case is just the reverse of case (d) 
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and the same arrangement which was made in case (d) will serve the purpose. The only 
difference will be that at low discharges, the jump will form on the apron below the 
bed; and at high discharges, the jump will form on the apron at a point above the bed. 

21.12. Energy Dissipation Below Other Ty:pes of Spillways 

The five hydraulic conditions between tail water depth and post jump depth (Y2) 
discussed in the previous article, can occur below any type of spillway or even below 
the sluiceways or dam outlets, and erosion control can be obtained by the methods 
described. A chute or a shaft or a side channel spillway generally discharges water at a 
point far away from the dam. Hence, the protection is required only for the spillway, as 
the danger to the main dam is not there. Due to this reason, a hydraulic stilling basin is 
uenerally sufficient, and may be provided at the discharging point bf the spillway. If 
~ound rocks are available, a Ski jump bucket may be provided at low cost. 

21.13. Energy Dissipation Below Sluiceways or Dam Outlets 

Discharge through the sluiceways is generally small, and less protection is required 
below them. The. water from the sluiceway is often allowed to fall directly into the 
stilling basin. Sometimes, the jet may be spread by a jet deflector at the outlet. Some
times the energy dissipation arrangement of the main spillway may be utilised for 
sluiceways also. 

21.14. Use of Hydraulic Jump as Energy Dissipator and Design of Stilling Basins 

It was stated in chapter 10, that the hydraulic jump formation depends considerably 
upon the Froude number of the incoming flow (F1). The pre-jump depth (y1) and post-jump 
depth (y2) are also governed by the equation (10.6) [derived in chapter 10] as: 

y2 =_!_r .Y1+8Fi -1] 
Y1 2L 

. V1 
where F1 = _ ,----· 

'lg· Y1 

.... (10.6) 

It was also stated in the same chapter, that the energy dissipation in -the jump, 
depends upon the Froude number. Different types of jump were described for different 
values of Froude numbers. If this incoming Froude number F1 is higher, the greater 
energy dissipation can take place. The approximate percentage loss of energy for various 
values of F1 are given in Table 21.14. 

2.5 .. 

4.5 

9.0 

14.0 

20.0 

Table 21.14 

% loss of energy 

-- ---11 .. 

45 

70 

80 

85 

However, the real problem in the design of stilling basins, is not the absolute 
dissipation of energy, but is the dissipation of this energy in as short a length as possible. 
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Theories of Seepage and Design of 
Weirs and Barrages 

~· .. 11 

11.1. Failure of Hydraulic Structures Founded on Pervious Fo_undations 

Hydraulic structures such as dams~ weirs, barrages, head regulators, cross-drainage 
works, etc. may either be founded on an impervious solid rock foundation or on a 
pervious foundation. Whenever, such a structure is founded on a pervious foundation, 
it is subjected to seepage of water beneath the structure, in addition to all other forces 

0 which it will be subjected when founded on an impervious rock foundation. In India, 
most of these hydraulic structures are required to be founded()~ ~~luvial soif foundations, 
which do allow seepage beneath them. The water seeping::~elow the -body of the 
hydraulic structure, endangers the stability of the structure and may cause its failure, 
either by : · 

(i) Piping ; or 

(ii) by Direct uplift. 

(i) Failure by Piping or Undermining. When the seepage water retains sufficient 
residual force at the emerging downstream end of the work, it may lifi up the soil 
particles. This leads to iricreased porosity of the soil by progressive remo·::i.l of soil from 
beneath the foundation. The structure may ultimately-subside.intQ-the-h0Uow.soJormed,_ 
resulting in the failure of the structure. 

(ii) Failure by Direct Uplift. The water seeping below the structure, exerts an uplift 
pressure on the floor of the ~tructure_. If.this pressure is not counterbalanced by the 
weight of the concrete or masonry floor, the structure will fail by a rupture of :a part of 
the floor. 

The above concepts of the failure of hydraulic structures due to sub-forface flow 
were introduced by Bligh, on the basis of experiments and the research work conducted 
after the failure of Khanki weir, which was designed on experience and intuition without 
any rational theory. 

11.2. Bligh's Creep Theory for Seepage Fl~w 

According to Bligh's Theory, tl1e percolating water follows tfie outiirie <Jf the base -
. of the foundation of the hydraulic structure. In other words, water creeps along the 
bottom contour of the structure. The length of the path thus traversed by water is called 
the length of the creep. Further, it is assumed in this theory, that the los·s of head is 
proportional to the length of the creep. If HL is the total head loss between the upstream 
and the downstream, and Lis the length of creep; then the loss of head-per unit of creep 
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Consider a section as shown in 
Fig. 1 LI. Let HL be the difference 
of water levels 1between upstream 
and downstream ends. (No water 
is shown on dis side in Fig. 1 I°.1). 
Water will seep along the bottom 
contour as shown by arrows. It 
starts percolating at A and emerges . 
at B. The total length of creep is 

Fig. 11.1. Bligh's Creep. 

·given by 
L =d1 +d1 +L1 +d2 +d2 +Li +d3 +d3 

= ~1 +(L1 + Li,) + 2di + 2d3 
= (L1 +Li,) + 2 [d1 + d1 + d3] 

= b + 2 (d1 + d1 + d3) 

He.ad loss per unit length or hydraulic gradient 

= [ b + 2. (d7~ cJi + d3)] = ~L 
· (HL }(HL )(HL ) . . . Head losses equal to L x 2d1 L x 2d2 L x 2d3 ; wtll occur respectively, in 

the planes of three vertical cut gffs. The hydraulic gradient line (H.G. Line) can then be 
drawn as shown in Fig. 11.l. ---- - ·-·- ---- -

(i) Safety Against Piping or Undermining. According to Bligh, the safety against 
piping can be ensured by providing sufficient creep length, given by L = C.Hv where 
C is Bligh's coefficient for the soil. Different values of C for different types of soils are 
tabulated in Table LI.I. . ' ; · 

Table 11.1. Values of Bligh's Safe Hydraulic Gradient for different types of Soils ! ' 

Safe Hydraulic 
S.No. Type of soil Value ofC. gradient should be 

less than 

L Fine micaceous san_d (as _in North Indian Rivers) 15 1115 

2. Coarse grained sand (\15 in Central and South Indian Rivers) 12 1/12 

- ' Sand mixed-with boulaeran'dgraver; and for loan!soll ~ . 
--- . - - --~ -----

---3c· 5 to 9 1/5 to 1/9 

4. Light sand and mud , ; 8 1/8 

Note : The hydraulic gradient, i.e, HLIL is then -~quaJ to l/C. Hence, it, may be 
stated that the hydraulic gradient must be kept under a safe limit i_n order to ensur,e safety 
against piping. . ' 

(ii) Safety against uplift p~essU:re. The o~dinates -~f the H.G. line above the bottom 
of the floor represent the_ r~sidual uplift water head at each point. Say for ~xample, if at · 

i 
.·! 
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any point, the ordinate of H.G. line ab9ve the bottom. of the floor is 1 m, then 1 m head 
of water will act as uplift at that point. If h'metres is this ordinate, then water pressure 
equal to h' metres will act at this point, and has to be counterbalanced by the weight of 
the floor of thickness say t. 

:. Uplift pressure = Yw h' 

where Yw is the unit wt. of water 

Downward pressure= (Yw- G:) t 

where G is the specific gravity .of the floor 
material. 

or 

For equilibrium 

Yw . h' = Yw . G . t 
h'=Gt 

Subtracting t on bC?th sides, we get . 

(h' - t)::;: (G.t- t) = t (G - 1) 

. (h' -tJ ( h ) t~ G-1 = G-1 
5 ... (11.1) 

where (h' - t) =his the ordinate of the H.G. line above the top of the floor. (G- 1) is the 
submerged specific. gravity of the floor material. For concrete, G may be taken equal to 
2.4. Hence, the thickn.ess of the floor can be easily determined by using the equation 
(11.1).This is generally increased by 33%, so as to allow a suitable factor of safety. 

It may be mentioned that the floor thickness has to be designed according to 
eqµation (11.1) only for the downstream floor and for the worst conditions i.e. when 
m,him:um ordinates oLH.G.Jine_.occ.ur .. The.water. standing.on..the_upstream f1oor, more 
than counterbalances the uplift caused by the same water, and hence, only a nominal 
floor thickness is requiredon the upstream side, so as to resist yvear, impact of flowing 
water, etc. . . . . . . . 

Hence, while designing aprons of hydrmtlic structures on Bligh's ~eory for sub
surface flow, the floor thickness, is designed in accordance with the above rules, arid 
sufficient length of pucca floor given by L = C.HL is provided, so as to ensure a safe 
value, of hydraulic. gradie11t. This will be discussed i,n details in article 115 .• 

11.3. LJe's Weighted Creep Theory · :N·:·1, . • 

Bligh, in his theory~ had calc~lated the length of the creep, by simpl~[!iidding the 
horizontal creep length and the vertical creep length, thereby making no' distinction 
between the two creeps. However, Lane, on the basis of his analysis carried out on .:!ibout 
200 dams all over- the -world, stlpiifated-that the horizoniaf creep is less effective iri 
reducing uplift (or in causing loss of head) than the vertical creep. He, ther~fore, 

suggested a weightage factor of~ for the horizontal creep, .as against;l-.0 for th~¥ertical 

preep. 

Thus in Fig. 11.1, the total Lane's creep length (L1) is given by 

. 1 . . 1 
L1 =(di -+;di) +3 L1 +(di+ dz)+ 3 Li+ (d3 + d3) 

··,1 
.ij 

:1 

I 

J 
1 r 
I 1 
I 
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1 . · 1 
= 3· (L1 + L2) + 2 (d1 + d1+d3)=3" b + 2 (d2 + d1 + d3) 

To ensure safety against piping, according to this theory, the creep length L1 must not be 
less than C1Hv where HL is the head causing flow, and C1 is Lane's creep coefficient 
given in table 11.2. 

Table 11.2. Values of Lane's Safe Hydraulic Gradient for different types of Soils 

--
S.No. 

- ·- - .. 
Type. of soi( 

. .. .. Value of l.Ane 's Safe,l.Ane's Hyd~aulic gradient 
Coefficient, C1 should be less than 

1. Very find sand or silt 8.5 1/8.5 

2. Fine sand 7.0 117 

3. Coarse sand 5.0 115 
-

4. Gravel and sand 3.5 to 3.0 1/3.5 to 1/3 

5. Boulders, gravels and sand 2.5 to 3.0 112.5 to 1/3 
/ 

6. Clayey soils 3.0 to 1.6 113 to 1/1.6 

Lane's theqry was an improvement over Bligh's theory, but however, was purely 
empirical without any rational basis, and hence, is generally not adopted in any designs. 
Bligh's theory, though is still used (even after the invention of modern Khosla's theory), 
but Lane's theory is practically nowhere used, and is having only a.theoretical impdr
tance. 

11.4. Khosla's Theory and Concept of Flow Nets 

·:·.·-c·Many- ef-the-jmportant--h~draulic--structures,-such--aS- weirs .. and bl!ll"ages, were 
designed on the basis of Bligh's theory between the period 1910 to 1925. In 1926-27, 
the-upper Chenab canal syphons, designed on Bligh's theory, started posing undermin
ing troubles. Investigations started, which ultimately lead to Khosla' s theory. 

A detailed description of this theory is available in C.B.I. publication No. 12, which· 
is available at Publication's Division at Civil Lines, Delhi. The main principles of this 
theory are summarised below : 

(1) 'Fhe seeping water does not creep along the bottom contour of pucca floor as 
stated -by Bligh, but on the other hand, this water moves along a set of stream-lines as 
shown in Fig. 11.3. This steady seepage ln a vertical plane for a homogeneous soil can 
be expressed by Laplacian equation. 

d2 cp d2.<I> 
+ =0 

dx2 dz2 

where <\> = Flow potential = Kh where K is the coef
ficient of permeability of soil as defined 
by Darcy's law, andh is the residual head 
at any point within1 the soil. 

The above equation represents two sets of curves intersecting each other orthogonally 
(Fig. 11.2). One set of lines is called Streamlines, and the other set is called Equipotential 
lines. The resultant flow diagram showing both the sets of curves is called a Flow Net. 
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stre~:i~nae~ r~~;;~t ~~~ ~i~~-;H~~~~~¥.~-~ -----f- -
paths along which the water 
flows through the sub-soil. -T-,,--,--r-..,-,.=-...1;.-,.,..JP,, 

Every particle entering the 
soil at a given point upstream 
of the work, will trace out its 
own path and will represent 
a streamline. The first 
streamline follows the bot
tom contour of the works and 
is the same as Bligh's path of Field 
creep. The remaining Fig. 11.2. Khosla's Flow Net. 
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streamlines follow smooth curves transiting slowly from the outline of the foundation. 
to a semi-ellipse, as shown in Fig. 11.2. 

Equipotential Lines. (1) Treating the downstream bed as datum and assuming no 
water on the downstream side, it can be easily stated that every streamline possesses a 
head equal to h1 while entering the soil; and when it emerges at the down-stream end 
into the atmosphere, its head is zero. Thus, the head h1 is entirely lost during the passage 
of water along the streamline. 

Further, at every intermediate point in its path, thereis certain residual head (h).still 
to be dissipated in the remaining length to be traversed to the downstream end. This-fact 
is applicable to every streamline, and hence, there will be points on different streamlines 
having the same value of residual head h. If such points are joined together, the curve 
obtained is called an equipotential line. 

Every water particle on line AB is having a residual head h = h1 and on CD is having 
a residual head h = 0, and hence, AB and CD ,are .equipotenti~l lines. _ 

Since an equipotential line represents the joining of points of equal-~esidual head, 
hence if piezometers were installed on an equipotential line, the water will rise in all of 
them up to the same level as shown in Fig. 11.2. 

(2) The seepage water exerts a force at each point in the direction of flow and 
tangential to the streamlines as shown in Fig. 11.3. This force (F) has an upward 

F = =---=---=-=--=-~-=- :·~.~:-:__·:. 

-==---=-- -==- == =-.~~~~.'~~·::~: 
1 ;·- ~;·· .... ~ ~ ....... "": .··:·~:-~') .. ;~~~~:-"'_ ..... ., ... _:-·.-:.""':,..;_-.-".:.--:--.~.-.-.... .,.. .. :""'.'.;_.~~~r., 

Fig. 11.3 

i 
I. 
' I 
I '' 

I· 

I 

!' 
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component from the point where the streamline turns upward. For soil grains to remain 
stable, the upward component of this force should be counterbalanced by the submerged 
weight of the soil grain. Tl>Js force has the maximum disturbing tendency at the exit 
end, because the direction· of this force at the exit point is vertically upward, and hence 
full force acts as its upward component. For the. soil grain to remain stable, the sub
merged weight of soil grain should be more than this upward qisturbing force. The 
disturbing force at any point is proportional fo the gradient of pressure of water at that 
point (i.e. dpldt) ~-This gradient of pressure of water at the exit end, is called the exit 
gradient. In order that the soil particles at exit remain stable, the upward pressure at 
exit should be safe. In other words, th~ exit gradient should be safe. · 

Critical Exit Gradient. This exit gradient is said to be critical, when the upward 
disturbing force on the grain is just equal to the submerged weight of the grain at the 
exit. When a factor of safety equal to 4 or 5 is used, the exit gradient can then be taken 
as safe. In other words, an exit gradient .equal to i to~ of the critical exit gradient is 

ensured, so as to keep the structure safe aga~nst piping. 

The submerged weight (Ws) of a unit volume of soil is given as : 

Yw (1 - n) (Ss - 1) 

where Yw = unit weight of water. 
Ss = sp. gravity of soil particles 
n =porosity of the soil material. 

For critical conditions to occur at the exit point, 

F=Ws. 

where F is the upward disturbing force on the 
grain 

F · F d" h. . ·~ dh orce =pressure gra 1ent at t at pomt = dl = Yw · di 

= =.. =.. -:_-H_-_-_-: 

p=rw ··b 

p + dp = YiiAh-:rdh} 
where, h = Residual head still to be dissipated,· 

called hydrostatic excess head. 

Fig. 11.4 

dh 
Yw · dl = Yw (1 - n)(Ss - 1) 

or 
dh 
dl = (1 - n) (Ss - 1) ... (11.2;) 

h dh . 
w ere dl represents the rate of loss of head or-

the gradient at the exit end. 
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- lJnder critical conditions, the critical exit gradient is equal to (1 - n) (Ss - 1). For 

ost of the river sands, Ss = 2.65 and n = 0.4, then the value of critical exit gradient m . . ;,, o -0.4) (2.65 - 1) . . . . 

= 0.6 x 1.65 = 0.99 = 1.0 

Bence, an exit gradient equal to .! to.!. of the critical gradient means that -an exit 
. ' 4 5 

- $1'adient equal to t tot has to be provided for keeping the strncture safe against piping. 

Values of safe exit gradient for some of the subsoils are giv_en in TabJe_JU~ 

Table 11.3. Values of Khosla's Safe Exit Gradient 
for different types of Soils 

Type of soil Khosla 's Safe Exit Gradient 

Shingle 0.25 to 0.20 

Course sand 0.20 to 0.17 

Fine sand 0.17 to 0.14 

Khosla's theory of flow nets made it very clear that the loss of head does not take 
place uniformly, in direct proportion to the creep length, as stated by Bligh. In fact, it 
depends upon the whole geometry of the figure, i.e. the shape of foundation, depth of 
impervious boundary and levels of uls and dis beds. When the equipotential lines-·are 
traced to be closer, the rate of loss of head will definitely be quicker and vice versa. 

It can, hence be concluded that the safety against piping can not be obtained by 
providing ~¢'fici~11tfl()or length, as.stated.by .Bligh, but can be obtained_b)' keep_ing_tl).~ 
exit gradient well below the critical value. The exit gradient may not be safe even if the 

average hydraulic gradient of Bligh (i:e. ~)is safe. _ - · 

(3) Undermining of the floor starts from the downstream end of the dis pucca floor, 
and if not checked, it travels upstream towards the weir wall. The undermining starts 
only when ~he exit gradient is unsafe for the subsoil on which the weir is founded. It is, 
therefore, absolutely necessary to have a reasonably deep vertical cut-off at the 
dOwnstream end of the dis pucca floor to prevent undermining. The depth of. this d/s 
vertical cut off is governed by two considerations i.e. 

{z) maximum depth of scour ; (ii) safe exit gradient. 

While-designing-a. weir,...downstream:.p .. utoff, fr.om the ma~i_m1.m1_~ou@.ci__g~pth _ -~-
considerations is, first of all, provided, and checked for exit gradient. If a safe value of 
exit gradient is not obtained, then the depth of cutoff is increased. The de.pth of cutoff 
is also governed arid limited by practical considerations, as the execution of very deep 
cutoff may be difficult or unpracticable at site. 

A weir or a barrage may fail not only due to seepage (i.e. sub-surface flow) as stated 
by Bligh, but may also fail due- to the surface flow. The surface flow (i.e. when flood 
Water flows over the weir crest) may cause scour, dynamic action ; and in addition, will 



560 IRRIGATION ~NGINEERING AND HYDRAULIC STRUCTURES 

cause uplift pressures in the jump trough• (if the hydraulic jump forms on the 
downstream). These uplift pressures must be investigated for various flow conditions. 
The _maximum upJift d~ tci this dynamic action (i.e. for surface flow) should then be 
compared with the maximum uplift under steady seepage (i.e. for sub-surface flow) . 
and the maximum of the~ two chosen for designing the aprons and the floors of the Weirs'. .. · 
All the~e modern aspects and other details about designing weirs on permeable founda
tions, as per the Khosla:s theory, have· been discussed in article 11.6: 

Khosla's theory differs from Bligh's theory in all the above respects, but owing to 
the simplicity'; Bligh's ·theory is still used for design of small works. A minimum 
practical thickness for the floor and a deep vertical cutoff at the downstream end is 
however, always provided, in addition to the requirements of Bligh's theory. However' 
on major works, Bligh's theory should never be used, as it would lead to expensive and 
unsafe erroneous designs. 

11.4.1. Khosla's method of independent variables for determination of pres. 
sures and exit gradient for seepage below a weir or a barrage. In order to know as 
to how the seepage below the foundation of a hydraulic structure is taking place, it is 
necessary to plot the flownet. In other words, we must solve the Laplacian equations. 
This can be accomplished either by mathematical' solution of the Laplacian equations, 
or by Electrical analogy method, or by graphical sketching by adjusting the streamlines 
and equipotential lines w.r.t. the boundary conditions. These are complicated methods 
and are time consuming. Therefore, for designing hydraulic structures such as weirs or 
barrages on pervious foundations, Khosla has evolved a simple, quick· and an accurate 
approach, called Method of Independent Variables. 

In this method, a complex profile· like that of a weir is broken into a number of 
simple profiles; each of which can be solved mathematically. Mathematical solutions of 
flownetsfor these simple standard profiles have been-presented in the form of equations 
given in Fig. 11.5, and curves given in Plate 11.1, which can be used for determining 
the percentage pressures at the-various key points. The simple profiles which are most 
useful are : 

(i) A straight horizontal floor of negligible thickness with a sheet pile line on the 
· u!s end and dis end [Fig. 11.5 (a) and (b)]. 

(ii) A straight horizontal floor depressed below the bed but without any vertical 
cut-offs [Fig. 11.5 (c)]. 

(iii) A straight horizontal floor of negligible thickness with a sheet pile line at some 
intermediate point [Fig. 11.5 (d)]. 

The key points are the junctions of the floor and the pile imes on either side, and 
the'oottoin-point-oHhe-pile line,--and the-bottom-cornerscin-the case-of adepressed floor. , 
The percentage pressures at these key points for the simple forms into which the 
complex profile has been broken is valid for the complex profile itself, if corrected for :i I 

(a) correction for the mutual interference of piles ; 

(b) correction for thickness of floor ; 

(c) correction for the slope of the floor. 

" For detailed description, please refer to Article 11.6.11. 
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1E, C1 

d -----b ----1 
L D1 

<!>c1=100-<l>E 

<i>D1 =100-<i>D 

(a) 

<l>n' =3_ (<j>E-<l>D) +l_ 
3 a2 

· <j>' n
1 
. .= lOQ,~ <l>n' 

(c) 

----- --

D 

<i>E=l.cos-1("--2) . 
--- ~ -·---- --~ -------- ----

<l>n=~cos-"l (A~ 1) 

A.=1+~ where 
2 

a=~ (respective) 

(b) 

------
--~-

-b1 

CX1 =b1/d 
a2=bzld 

(d) 

Fig. 11.5. Khosla's simple profiles for a wefr of complex profile. -
These corrections are described below : 

(a) Correction for the Mutual Interference of Piles. The correction C to be
applied as percentage of head due to tl;lis effect, is given by 

C= 19"\/f[d:D] ... (11.3) 
where b' = The distance between two pile lines.· -
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D. = The depth of the pile line, the influence 
of which has to be determined on the 
neighbouring pile of depth d. D is to be 
measured below the level at which inter
ference is desired. 

d = The depth of the pile on which the effect 
is considered. · 

b = Total floor length. 

This c_o}Tection is p9sitive for the points in the rear or back water-; and substractive 
for the points forward in the direction of flow. This equation does not apply to the effect 
of an outer pile on an intermediate pile, if the intermediate pile is equal to or smaller 
than the outer pile and is at a distance less than twice the length of the outer pile. 

Fig. 11.6 

Suppose in the above Fig. 11.6, we are considering the influence of the pile No. (2) 
on pile No. (1) for correcting the pressure at Cr. Since the poi11tC::'ds i1_1 the rear, this 
correctfOn-shall be +ve. While the c~rrection to be applied to E2 due to pile No. (I) 

shall be negative, since the point E2 is in the forward direction of flow. Similarly, the 
-correction at C2 due to pile No. (3) is positive, and the correction at E2 due to pile No. 
(2)is negative. 

(b) Correction for the Thickness of Floor. In the standard form profiles, the floor 
is assumed to have negligible thickness. Hence, 
the percentage pressures calculated by Khosla's 
equations or graphs .shall pertain to the top levels 
of the. floor. While the actual junction points 
E and Care at the bottom of the floor. Hence, the 
pressure ·at the actual points are. calculated by 

-- - assuming' a-straighHine-pressure-variati-orc Since· 
the corrected pressure at E1 should be less than the calculated pressure at E1', the 
correction to he applied for the point Er shall be - ve. Similarly, the pressure 9alculated 
Ci' is less than the corrected pressure at CI> and hence, the correction to be applied at · 

. point C1 .is + ve; . · 

(c). ('.orre'ct~<in for the Slope of the Floor. A cor~ection is applied for a sloping 
.floor; and ista~eri~~ + ve for the down, and- ve for the up slopes following the direction 
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·of flow. ~alm~s of correction of standard slopes such as 1 
tabulated in Table 11.4. 

Slope 
Horizontal: Vertical 

Table 11.4 

Correction 
factor 

563 

: l, 2 : 1, 3 : 1, etc. are 

} 
1 : 1 

2: 1 

3 : 1 

4: 1 . 

5 : 1 

6: 1 

7: 1 

11.2 

6.5 

4.5 

3.3 

! 
8 : 1 

. 2.8 

2.5 

2.3 

2.0 

'[. The correction.fac-·t·o· r given above is to be. multiplied by the horizontal length of th. e 
slope and divided bfthe distance betwe~n the two pile Unes between which the sloping · 

T_.. floor is located. This correction is applicable only to the key points of the pile line fixed r at the start or the end of the slope. 
I Thus, in Fig. U.6, this correction is applicable only to point E2• Since the slope is 

down at point E2 in, the direction of flow, hence, the correction shall be+ ve and will 
be equal to the correction factor for this slope (Table 11.4) multiplied by b/b1, where 
bs and b1 are shown in Fig. 11.6. 

Exit Gradient (GE). It has been determined that for a standard form consisting of 
a floor length b with a vertical cutoff of depth d, the exit gradient at its downstream end 
is given by · 

. h ~ l+~ w ere ri.= 
2 

. . 

b 
and a=d. 

·---- :: .. (11 :4J 

From the curve of Pll.!,te 11.2 ; for any value of ex~ i.e.~· the corresponding value of 

7t ~ can be read. !\no wing Hand d, the value of GE can be easily calculated. Th~ exit 

gradient so calculated must lie within safe limits as given in Table 11.5. 

Type of soil 

Shingle 

Coarse Sand 

Fine Sand 

Table 11.5 

Safe exit gradient 

1 . 1 
4to5 (0.25 to 0.20) 

. 1 1 . . ·. . 
5 to 6 (0.20 to 0.17) 

.,. ,,,' 

1 1 .. 

6 to 7 (0.lTto 0.14) 

{ ,, 
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The uplift pressures must be kept as low as possible consistent with the safety · 
the exit, so as to keep the floor thickness to the minimum. at 

It is obvious from equation (11.4), that if d = 0; Ge is infinite. Hence, it becomes 
essential that a vertical cutoff at the downstream end must be provided. 

Example 11.1. Determine the percentage pressures at various key points in Fi 
11.8. Also determine the exit gradient and plot the hydraulic gradient line for pond lev!z 
on u/s and no flow on dis. 

Pond lev·e I 158 
--------- --

-=.___-- ---= ..R L155 

U/S Pile 
No.1 

Intermediate-
Pile No. 2 

Dz 
15· 6 m -i-------- 4 0 m 

RL148 RL 146 
w------~-- 5 7 m 

Fig. 11.8 

Solution. 
(1) For Upstream Pile Line No. (1) 
Total length of the floor = b = 57 .0 m. 

Depth of u/s pile line =d= 154.00-148.00=6.0m 
b 57.0 

a=d= 6.0 =9.5 

_!_=-1 =0.105 
a 9.5 

From curve Plate 11.1 (a) 

<l>c
1
=100-29=71% 

<1>v
1 
= 100 - 20 = 80% 

These values of <l>c
1 

and <l>v
1 

must be corrected for three corrections as below : 

Corrections for <Pc 
1 

(a) Correction at Ctfor Mutual Inteiference of Piles. <Pc is affected by intermediate 
' 1 

- ---, -· -pile-No. 2. 

Correction = 19 ~ ( d; DJ ... (11.3) 

where D =Depth of pile No. 2. 
= 153.00-148.00= 5.0m i 

d=DepthofpileNo. l = 153.0-148.00=5.0j 

b' =Distance between two piles = 15.8 m. 1 
b = Total floor length = 57 .0 m. 
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is ~till used at certain places and especially for minor works, owing to its simplicity. 
The design of a vertical drop weir, on the basis of this theory is explained below : 

Design of Pucca-floor and Aprons. As discussed earlier the total length of the 
pucca floor of the weir (including twice the length of cut-off, if provided) is designed 
in accordance with the equation L = CHv and the thickness of the floor is designed by 

using the equation t = 1.33 (a~ 
1

) Bligh has further given certain empirical formulas 

for determining the length of_the downstream pucca floor (Li_). The cut-offs may be 
provided as per the provision of Khosla' s theory (explained in article 11.4 ). The balance 
floor length [i.e. (the total length) - (the downstream length+ twice the cut-off length)] 

POND LEVEL 

Hl 
(4H:10V) 

i 
U/S TALUS UIS PU CCA i /FLOOR '. 0/S PU CCA FLOOR (DfS TALUS 

I d. L1 B --L4 

1 /S(UTOFF 

~......_~~-L2~~~~...,..,._,,_.~ 

D/S CUT OFF 

Fig. 11.14. Dimensions of Vertical Drop Weir based on Bligh's Theory. 

is then provided under the crest and on the upstream side as shown in Fig; 11.14. The 
lengths of the upstream and downstream loose stone talus* (or aprons) which are 

provided in order to prevent the scour from reaching the pucca floor are also. worked 
out by the empirical formulas put forward by Bligh. 

The various empirical formulas put forward by Bligh (w.r.t. Fig:lL14) are given 
below: 

(a) L2 = 2.21 C ·~for weirs having crest shutters. ..(11.5) 

(b) I,_2 = 2.21 C ·~for weirs having no crest shutters. ..(11.6) 

where HL = the total head loss. 

Li= the length of dis pucca floor. 

(c) L2 + L3 = 1~ C ·~rt· -fs for weirs having crest shutters ... (11.7) 

(cf) L2 + L3 =TS t-.-"17~ · fs. for weirs having no crest shutters. : .. (11.8) 

* In continuation to the upstream pucca floor, a length L4 (as shown in Fig. 11.14) of loose stone talus is 
provided to keep the erosion and scour away from the upstream pucca floor. Similarly, a length LJ of loose 
sstone talus is provided on the downstream of pucca floor, so as to dissipate the residual energy and to keep 
the scour away from the pucca floor. As soon as the scour occurs, the talus falls into the scour, and thus 
preventing the scour to travel and reach upto the pucca floor. The rational design of the talus has been discussed 
a little later, under "Design of Protection Works'', in article 11.6.1. 
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where q = the discharge intensity in cumecs/metre. 
L3 = the length of d/s loose stone talus. 

The length of upstream talus (L4) may be kept equal to half the length of d/s talus. 

Thus 

... (11.9) 

The above formulas are applicable for designing the proper weir portion ; whereas 
for designing the 'undersluice' portion of the weir, the following modified formulas are 

used. - ~ - - - - - --

(l} L2 = 3.87 C · *3 for 'undersluices' having crest shutters . ..(11.10) 

(ii) L2 = 3.87 C · ~for 'undersluices' having no crest shutters . ..(11.11) 

(iii) Li+ L3 = 27 C · -'1 Tf · -fs for 'undersluices' having crest shutters ... (11.12) 

(iv) L2 + L3 = 27 C ·"" f Hl~ ·-!-:: for undersluices having no crest shutters .. ,(11.13) \J l.J /'!;) 

Design of Weir Wall. Bligh has further given certain empirical formulas for the 
design of weir wall. According to him, the top width of weir wall (B') is given as : 

B' = .YG1:_ 1 ... (11.14) 

where B' = Top width of weir wall and is generally 
1.5 to 1.8 m. 

H = Head of water over the weir wall at the 
·- - time of max. -flood~' 

G = Specific gravity of floor material. 

· Further, the crest width should also be greater by 0.6 m than the height of the crest 
shutters ; if any. 

The bottom width (B) of the weir wall may be obtained by p:roviding suitable side 
slopes. The u/s batter may by kept as 4H : lOV and the dis batter should not be flatter 
than 1 : 1. The bottom width (B) of the weir wall should not be less than 

B _ H + Height of weir 
- .YG-1 ... (11.15) 

The crest level of the weir wall and the height of solid masonry weir is determined 
from-the c0nsiderati0ns ef-af'flux~ -'The--afflux.--produced-Should-not exceed the allowable~--
vaJue, generally kept less than 1.5 m or so. If the crest level, works out to be practically 
equal to the pond level, then a solid masonry weir can be provided ; and if it is much 
less than the pond level, then the balance may be provided by crest shutters. 

Example 11.5. A weir with a vertical drop has the following particulars : 

Nature of bed : Coarse sand with the value of Bligh's C = 12 
Flood discharge - - = 300 cumecs 

'' 
i I 

I' 

I 
! I 
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or 

Length of weir = 40 m 
Height of weir above low wg.ter ~ 2 m 
Height of falling shutter = 0.6 m 
Top width of weir = 2.0 m 
Bottorri width of weir = 3.5 .m 

Design the length and thickness of aprons and draw the cross-seciion of the weir. 

(Madras University, 1975) 

Solution. Total max. head loss = HL = 2 + 0.6 = 2.6 m 

Total length of creep required including creep along cut-off 

=L = C.HL= 12 x 2.6= 31.2m. 

The length of downstream floor is given by Eq. (11.5) as 

L2 =2.21C.~ 
Li= 2.21x12 · ~ =2.21x12x0.447=11.8 m; say 12 m 

The bottom width of weir= B = 3.5 m. 

Provision of cut-offs 

Let us first calculate as to what will be the head over the weir when high flood 
discharge is passing. 

or 

Use q = 1.7 H312 

Q 300 
where q=r,= 

40 
=7.5 

7.5 = 1.7 H312 

H312 = 7.5 =4.41 
1.7 --

H= (4.41)213 = 2.68 m 

Head over the weir crest = 2.68 m. 

:. U/s HFL (assuming bed level as 100.0 m) and crest level as 102 m) 
= 102.0 + 2.68 = 104.68 m 

Now R =Lacey's regime scoured depth = 1.35 ( ]' J13 

assuming f = 1 

R = 1.35 ( 
7

·
52 !1

13 

= 1.35 x 3.84 = 5.18 m 
__ c:...-__c c__c.c.:c; '-'''"''--' _ c:- ___ c:·'-t'J"-} _-___ _;:;c:_ :cc.·:_ =::...-=:cc.------' .-: '---'" ::_-_ ::.:::.:-.:.._:_: .c:c:.:-. _ 

Depth of u/s sheet pile from below u/s HFL 

= 1.5 R = 1.5 x 5.18 = 7.8 m 
:. Level of bottom of U/s sheet pile 

= 104.68- 7.8 = 96:88 m 

Provide a depth of 100 - 96.88 = 3.02, say 3 m for u/s cut-off. 
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Since afflux is not known, the d/s HFL is not known; 
and the exact calculation for the depth of d/s sheet pile 
can~ot be done. Use a similar d/s cu~ off of 3. m depth 
below the weir floor. 

Now, total creep length provided except u/s floor 

=2x 3 m+3.5m+12m+2 x 3 m 
=27.5m 

The balance length, i.e. 31.2- 27.5 = 3.7 m; say 5 m; 
is therefore, provided as u/s floor as shown in Fig. 11.15. 
:Hence, total creep length provided= 27.5 + 5 = 322 m. 

Now using Eq. (11.7), we have 

- .. I Hi .!L 
Lz+L3-l8C. \J 13 "75 

where ~ is the length of downstream 
loose talus 

·n· h . . Q 300 7 5 q = 1sc arge mtens1ty = L = 
40 

= . 

Lz+L3 =18x12\j~·~ · ~·~ 
= 18x 12x0.141=31.6m 

Q: 
LLJ ,_ ,_ 
=> :c 
Vl ,_ 
Vl 
LLJ 
cc 
u 
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II 
N 
-' 

e 
But L2 =11.8m e ~ 

N " 

L3=31.6-11.8==19.S'in; say 20 m. '1 1 11 t.n 
. I f . Bence provide (say 1 m thick) d/s loose talus of 20 

1 
~ I I . 

mm length. 160 NI · . .-. 0 
.;; 

_ (~ote : 1:_~s._ l_en~th of_ 20 m ca~ -~e E~~y ?rov~~~~ _ . ! 1 /J 
1

1 J I .: ~ ~ 
as blocks over-mverted fllter and- partly as 1aunclimg · 

1
1/ 

1
11 ·:.·· ·.~-Ii- · 

apron. The length of u/s talus L4 may be kept as equal to -1 l .:_i r L ·. • · .. · ~ •· 
, 11.;- 11 I 
-
2
1 

the length of d/s talus, i.e. 10 m. I] 1 1
1 -1 !:cl-' I 

Dis Floor Thickness ~ 1 I 1 I I 1
1
E ~ 

The H.G. line is now plotted as shown in Fig. 11.15. ~ 
1

11 I I _J- . 
The max. ordinate of the H.G. line above the.bottom of ~ 

1
11

1
1

1 

the floor for the downstream portion at the junction of ~ · 
1
1

1 
I 

1 
I I I 

weir wall 11 1 111 I I . 

= h = 
2

·
6 

x 18 = 1 45 n· 32.3 . 

. . The thickness of DJs floor at tbis,pointis then,ohtaine.d,hy Eq. 

t= 1.33[a~ 1 )=1.33. (2.~~ 1 J 
1.33 x 1.45 1 35 1 4 = 

1 
_
4 

= . ; say . m. 

Hence, provide 1.4 m thickness for D/s floor from just near its junction with weir 
wall. The thickness can be curtailed as below. 

,. 
'' ' 

ii 
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The thickness required at half way of Dis floor length 
1.33 h 

1.4 

where h = 3
2;,~3 x 12 = 0.97 m 

1.33 x 0.97 0 92 1 = 
1
_
4 

= . m; say m. 

Further, provide a nominal thickness of 0.8 m below the u/s floor and 1 m below 
the weir wall. _The complete details are shown in Fig. 11.15. 

11.6. Design of Modern Weirs and Barrages Founded on Permeable Foundations 
on the Basis of Khosla's Theory 

The complete design of a modern glacis-weir or a barrage can be divided into two 
main aspects, i.e. 

(1) Hydraulic Design ; and 
(2) Structural Design. 

11.6.1. Hydraulic Design for the Weir. The 'hydraulic design' involves deter
mining the section of the weir and the details of its u/s cutoff, crest, glacis, floor, d/s 
cutoff, protection works u/s and dis, etc. The hydraulic design of weirs on permeable 
foundations may be classified into : 

(i) Design for Sub-surface Flow; and 

(ii) Design for Surface Flow. 

The. effects of sub-surface flow or seepage flow on the stability of a hydraulic 
structure founded on permeable foundations have been thoroughly described earlier and 
the same hold good for weirs or barrages. Khosla 's method of independent variables is 
invariably used for determining the uplift pressures exerted by the seeping water on the 
floor of the' weir. The safety ofthe structure against piping.has to be checkg4 by keeping 
the exit gradient within safe limits. 

The maximum uplift pressure shall occur when the pond is full and there is no water 
flowing down the weir. But when flood water passes over the weir, entirely new 
conditions are superimposed. The formation of hydraulic jump causes uplift or un
balanced head in the jump trough, which may be larger than that under steady seepage, 
as explained below. 

Uplift pressure in the jump trough. The maximum difference of head and hence 
the maximum uplift pressures are normally imposed on the structure when water is 
ponded upto the highest level on the upstream side without any discharge passing down 
the weir. The hydraulic 
gradient line under such a 
situation sha-1-1 be-asc .. 
. shown in Fig. 11.16 (a). 

The pressure di• 
tribution along the length 
of the weir section is also 
shown in Fig. 11.16 (a). 

When a certain dis-
charge is passing over the 

PON 0 LEVEL 
H.G. LINE FOR 

-;- NO F~OW . 

·Fig. 11.16 (a). Uplift pressures in jump trough for no flow. 

..., 



14 
Cross Brainage-Works-

14.1. Introduction 

A cross drainage work is ~ structure. which is constructed at the crossing of a canal 
and a natural drain, so as dispose of drainage water without interrupting the continuous 
canal supplies. In whatever way the canal is aligned, such cross drainage works generally 
become unav~idable. In order 
to reduce the cross drainage 
works, the artificial canals are 
generally aligned along the 
ridge line called water-shed. 
When once the canal reaches 
the watershed line, cross 
drainage works are generally 
not required, unless the canal 
alignment is deviated from the 
watershed line. However, 
before the \vatershed is 

RIVER 

OFF TAKE CANAL 

-
RIVER 

) --~ -

:: 

reached, the canal which takes off from the river has to cross a number of drains, which 
move from the watershed towards the river, as shown in Fig. 14.1. At all such crossings 
c1, c2, C3, c4, etc. cross drainage works are required. 

A cross drainage work is generally a costly construction and must be avoided as far 
as possible. Since a watershed canal* crosses minimum number of drains, such an 
alignment is preferred to a contour canal which crosse.s maximum number of drains. The 
number of cross drainage works may also be reduced by diverting one drain into another 
and by changing the alignment of the canal, so that it crosses below the junction of two 
drains. 

14.2. Types of Cross-drainage vrorks 

The drainage water intercepting the canal can be disposed of in either of the 
foliowing ways : 

(1) By passing the canal over the drainage. This may be accomplished either through 
(i) an aqueduct; or through a (ii) syphon-aqueduct. 

_{2J_B_y __ passing_the_canaLbelow.the-drainage. This may be-accomplished either 
through (i) a super-passage; or through a (ii) canal syphon generally called a syphon. 

(3) By passing the drain through the canal, so that the· canal water and drainage 
water are allowed to intermingle with each other. This may be accomplished through (i) 
a level crossing; Qr through (ii) inlets and outlets. 

* Also called a ridge canal. 

720 
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CROSS DRAINAGE WORKS 721 

All these different types of cross drainage works are described below in details. 

14.2.1. Aqueduct and Syphon Aqueduct. In these works, the canal is taken over 
the natural drain, such that the drainage water runs below the canal (see Fig. 14.2) either 
freely or under syphoning pressure. When the HFL of the drain is sufficiently below the 

DRAIN 

'-~],__~. ......_____,( / 

I 

I 

INSPECTION 
ROAD --"-

ASL 
I 
l 

CANAL--- I 

/' 

I 
I 
1 

I 

) 

I 

[ 

PE IR NOSE 
'---. 

HF L OF 
DRALN 

.~/, '/,' 

SUPPORTING PIERS 
AT SUITABLE 
SPAClNG 

Fig. 14.2. Canal taken over the drain in an 
aqueduct or a syphou aqueduct 

Fig. 14.3. Typical cross-section of an aqueduct: 

(Line Plan of Crossing). 

bottom of the canal, so that the drainage water flows freely under gravity, the structure 
is known as an Aqueduct (Fig. 14.3). However, if the HFL of the drain is higher than 
the canal bed and the water passes through the aaueduct barrels under syphonic action, 
the structure is known as Syphon Aqueduct (See ·Fig. 14.4). 

HF L O.F. 
DR A IN\ 

UIS . t 

DRAIN 

DRt.IN BED DEPRESSED 
FLOOR OF SYPR ON 

HF L D/S 

VERTICAL ~ AQUEDUCT -~ 
0 R 0 P 0 R ~ .. '"".''"" ... ..--.~ .. -~-.-... -.... -.... -... -,. ~,.-.. -.. ~ .. ·--· -._.-',,.lllv.'".' '\·S 

A SLOPING D/S 
GLACIS 

SHEEr PILE 
Fig. 14.4. Typical cross-section of a Syphon Aqueduct. 

BED 

I 
In this type of works, the 'ianal water is taken across the drainage in a trough 

·· __ _§_URRQ!:t~Q_9JLPi~I's_,_ A_n ins_p_ection I'9agi~g~ll:~aJJy _p~vid~d al_ongwith !he. tro_!lgp,_(lS 
shown. An aqueduct is just like a bridge except that instead of carrying a road or a 
railway, it carries a canal on its top. An aqueduct is provided when sufficient level 
difference is available between the canal and the natural drainage, and canal bed level 
is sufficiently higher than the torrent level. In Sirsa, a city near Roper in Punjab, an 
excellent aqueduct having 20 spans of about 13 m each has been constructed to carry a 
canal having b~d width of 28 metres and a discharge of about 360 cumecs, with a torrent 
discharge of about 4300 cumecs. A difference of 3.3 metres was available between the 
bed level of canal and that of torrent in this case. 
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In the case of a syphon aqueduct, the drain bed is generally depressed and provided with 
pucca floor, as shown in Fig. 14.4. On the upstream side, the drainage bed may be joined to 
the pucca floor either by a vertical drop (when drop is of the order of 1 m) or by a glacis of 3 
: l (when drop is more). The downstream rising slope should not be steeper than 5 : 1. 

Jn this type of_cr:oss_:_diainage_\\'Qt:ks (i._e._wh_e11_the c_an_al_ is taken over the drainage), 
the canal remains open to inspection throughout, and the damage caused by floods' are 
rare. However, during heavy floods, the foundations of the work may be susceptible to 
scour; or waterway of the drain may get choked with debris, trees, etc. 

14.2.2. Super-passage and syphon. In these works, the drain is taken over the 
canal such that the canal water runs below the drain (Fig. 14.5) either freely or under 

CANAL -

DR/AN 

' 
- - - - -+-...,--

Fig. 14.5. Drain taken over the canal in a 
Superpassage or in a Syphon. 

(Line Plan_ of Crossing) 

Fig. 14.6. Typical cross-section of a 
Superpassage .. 

syphoning pressure. When the FSL of the canal is sufficiently below the bottom of the 
drain trough, so that the canal water flows freely under gravity, the structure is known 
as a Super:passage (Fig.· 14.6). How.ever, if the.ESL-of the canal is sufficiently above the 
bed level of the drainage trough, so that the canal flows under syphonic action under 
the trough, the structure is known as a canal syphon or a Syphon (Fig; 14. 7). 

A superpassage is thus the reverse of an aqueduct, and similarly, a syphon is a reverse 
of an aqueduct syphon. However, in this type of cross-drainage wo"rks, the inspection road 
cannot be provided along HF L . 

the canal and a separate 
bridge is required for the 
road-way. For affecting 
economy, the canal may be 
flumed, but the drainage 
trough is never flumed. 

. -- ln the case of a . . . . . .. .. . . . . . . . . . 
- ~YPh~;~-th;~~~~l- b;d--i~--------F'1g:-14~7~Typkal cross-section of a"Cailal Syphon 

d d d 
. (generally called a Syphon). 

epresse an a ramp is · 
provided at the exit (see Fig. 14.7) so that the trouble of silting is minimised. 

14.2.3. Level Crossing. In this type of cross-drainage work, the canal water and 
drain water are allowed to intermingle with each other. A level crossing is generally 
provided when a large canal and a huge drainage (such as a stream or a river) approach 
each other practically at the same level. A typical layout of a level crossing is shown 
Fig. 14.8. 

,. 



CROSS DRAINAGE WORKS 

A regulator is provided across 
the torrent (drainage) just on the 
downstream side of the crossing so 
as to control the discharge passing 
into the torrent. At the outgoing 
canal, a regulator is also provided so 
as control the discharge into the 
canal. A regulator at the end of the 
incoming canal is also sometim~~-
required. The arrangement is practi
cally the same as is provided on a 
canal headworks. This arrangement 
is generally provided when a huge 
sized canal crosses a large torrent 

JNCOMJNG CANAL 
REGULATOR 

(SOMETIMES 
PRO VI OED) 

DRAINAGE 

l 

ORAlNAGE 

OUTGOING 
CANAL 

723 

REG ULA TOR 
(CROSS REGULATOR! 

Fig. 14.8. Typical layout of a Level Crossing. 

carrying a very high but short lived* flood discharge. In this arrangement, the perennial 
drainage discharge is sometimes advantageously used, so as to augment the canal 
supplies. 

During dry season, when there are no floods, the torrent regulator is generally kept 
closed and the outgoing can!!l rggulator is kept fully open, so that the canal flows without 
any interruption. During floods, however, the torrent regulator is opened so as to pass 
the flood discharge. A beautiful level crossing has been provided in Eastern U.P. under 
Sarda Sahayak Pariyojna ; where a canal carrying 370 cumecs crosses the Sarda river 
carrying a high flood discharge of the order of 10,000 cumecs. 

14.2.4. Inlets and Outlets. An inlet is a structure constructed in order to allow the 
drainage water to enter the canal and get mixed with the canal water and thus to help 
in augmenting canal supplies. Such a structure is generally adopted when the drainage 
discharge is small and-the-drain cros~e.s _the canalwith_its bedJe\fel_eqµal_t_o 9r_ ?lightly 
higher than the canal F.S.L. Moreover, for the canal to remain in regime, the drain water. 
must not admit heavy load of silt into the canal. Thus, in an inlet, the drainage water is 
simply added to the canal. 

But, when the drainage discharge is high or if the canal is small, so that the canal 
section cannot take the entire drainage water, an outlet may sometimes be constructed 
to escape out the additional discharge at a suitable site, a little downstream along the 
canal. It is not necessary that the escaped discharge. should be equal to the admitted 
discharge. 

Similarly, it is also not necessary, that 
the number of inlets' and outlets should be IN LET 
the same. There may be one outlet for two 
OEthree inlets"The outletis generllllY com
bined with some other work where arran
gement for escaping is in any case to be 
provided or may be added at a small extra 
cost. 

An inlet essentially consists of an open 
cut in a canal bank, suitably protected by 
pitching, to admit the upland drainage 

* When floods are intermittent and not continuous. 

-DRAIN-
OUT LET 

-- -- ES GA PED-WATER 
I /TAKEN TO NEAR 't BY DRAlNAGE 

n THROUGH LE~D 
~ CHANNEL 
l> ,-

Fig. 14.9. Inlet and outlet (Plan). 
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water into the canal. The bed and sides of the canal are also pitched for a certain distance 
upstream and downstream of the inlet. Similarly the outlet is another open cut in the 
canal bank with bed and sides of the cut properly pitched. The escaping· water from the 
outlet is taken away by a lead channel to some nearby drain, on the downstream side of 

- the surface -outlet~ 

This type of cross-drainage work (i.e. those requiring intermingly of canal water 
with drainage water) are inferior to aqueduct or superpassage type of works, but they 
are cheaper. Hence, the aqueduct or superpassage type of works are generally used when 
high flood drainage discliarge is large and continues for- a -sufficient-time. -A level 
crossing is used when the high flood drainage discharge is large but short lived. Inlets 
and outlets are used when the high flood drainage discharge is small. 

14.3. Selection of a Suitable Type of Cross-Drainage Work 

The relative bed levels, water levels, and discharge of the canal and the drainage 
are the primary factors which govern and dictate the type of cross drainage work that 
may prove to be most suitable at a particular place. For example, if the bed level of the 
canal is sufficiently above the HFL of the drain, an aqueducl is the first and obvious 
choice. But, if the bed level of the drain is sufficiently above the canal FSL, a super
passage may be constructed. Similarly, when a canal carries a small discharge compared 
to the drain, the canal may be taken below the drain by constructing a syphon, as against 
a syphon aqueduct which is adopted when the drain with smaller discharge can be taken 
below a large canal. 

However, in actual field, such ideal conditions may not be available and the choice 
would then depend upon many other factors, such as : 

(i) Suitable canal alignment. 

(ii) Nature of available foundation. 

- (iii)-Positfoii'of waterfabfo aric.f availaoility·cff dewateririg equipment.· 

(iv) Suitability of soil for embankment. 

(v) Permissible head loss in canal. 

(vi) Availability of funds. 

The relative bed levels of the canal and the drainage may be changed and manipu
lated by suitably changing the canal alignment, so that the point of crossing is shifted 
upstream or downstream of the drainage. For example, if the canal alignment is such 
that sufficient headway is not available between HFL of drain and bed of the canal, 
(although canal bed is higher) a syphon aqueduct has to be normally adopted. But, 
however, if other conditions (enumerated above) are not favourable for the construction 
of a syphon-aqueduct, the canal alignment may be changed so that the crossing is shifted 
t0-the--d0wnstream-'-where-.drainage- bed is low~ .and. thus sufficient. he.adwa)'_ be_c_Qm~s_. 
available for constructing an aqueduct in place of syphon aqueduct. The canal alignment 
is, therefore, finalised only a~ter finalising the cross drainage works. 

Compared to an aqueduct, a superpassage is inferior and should be avoided when
ever possible. Similarly, a syphon-aqueduct (unless large drop in drainage bed is re
quired) is superior to a syphon. A ievel crossing may become inevitable in certain cases. 
For example, when a large canal crosses a large. torrent at almost equal bed levels, a 
level crossing may remain to be the only answer. An inlet may be adopted when a small 
drain crosses the canal with its bed level equal to canal FSL or slightly higher than it 
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(i.e. bed conditions similar to those favouring the choice of a syphon or a superpassage). 
Inlets, though cheaper, are not preferred these days because their performance has not 
been very satisfactory. 

14.4. Various Types of Aqueducts and Syphon-Aqueducts 

They may be classified into three types depending on the sides of the aqueduct : 

Type I. In this type, the sides of the aqueduct are earthen bank with complete 
earthen slopes. The length of the culvert through which the drainage water has to pass 
under the canal should not only be sufficient to accommodate the water section of the 

1 canal bl.lt also the earthen banks of the canal with adequate slopes (Fig. 14.10). 
I 

I 

- DRAINAGE 

.~' ••. ' :. ........ •. ·, , D ,.. •. •. • ... ••· .b :, ,•. •. ·• .... , .,. .. -· .. . 

WIDTH OF AQUEDUCT 
i---------oR CULVERT LENGTH-----

Type II. In this type, the 
canal continues in its earthen 
section over the drainage, but 
the outer slopes of canal banks 
are replaced by retaining 
walls, thereby, reducing the 

---1erigth of the drainage culvert 
by that much extent (Fig. 
14.11). 

Fig. 14.10. Aqueduct (Type I) 

H FL 

Fig. 14.11. Aqueduct (Type IT) 

INSPECTION 
ROAD 

..;(F SL 
... -· --· -··-

~::. (AN AL-:- -

RET ArN I NG 
WALL 

HFL:;. _ -- - ---------

Type III. In this type, earthen sec
tion of the canal is discontinued and the 
canal water is carried in a masonry or a 
concrete trough. The canal is generally 
flumed in this case, so as to effect 
economy in construction.. = = ~ =- __. ORA 1 NAG E _-: - -:; 

-- - -
The culvert length or width of /~\ '/ ..... ... :·.·,.·, /,/<\ 

aqueduct is maximum in Type I and WIDTH OF AQUEDUCT 

. . mi!lJ!l.1_1=!_I!!c_iJ! _J)'p_~ _I!I.,_:~1.1 igt~!'!lle.9i~t~ __ , ---- -----' -C-~~__S~ ~~E-~_i:-~~:N_~:~ H:c___· ._. ·.: --------

value exists in Type IL Fig. 14.12. Aqueduct (Type III) 

Selection of the Suitable Type. T!:e selection of a particular type out of three types 
of aqueducts or syphon-aqueducts lies on the considerations of economy. The cheapest 
of the three types at a particular place shall be the obvious choice. 

In fact, in all cases, the cost of abutments and wing walls, is independent of the 
length of the culvert along the canal. In type I, no canal wings are required since the 
canal section is not at all changed. However, in this type, the width of the aqueduct is 
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the largest. Type I will, therefore, prove economical only where the length of the 
aqueduct is small and where the cost of bank connections would be large in comparison 
to the savings obtained from the reduction in the width of the aqueduct. 

In type III, the width of the aqueduct is minimum but the cost of bank connections 
- ---- is -maximum. -Th:inyp-e-Ts;-therefore, suitable where the length of the aqueduct is very 

large and where the cost of bank connections would be small in comparison to the 
savings obtained from the reduction in the width of the aqueduct. -

On the basis of above discussion, it can be concluded that the choice of a particular 
type depends mainly upon the-length of the aqueduct (i.e. the width of the drainage) in 
relation io the size of the canal. On a very small drain, type III is most economical; 
while on a very wide drainage, type I is most economical. Type II.is intermediate 
between type I and type III. The exact choice of a particular type in a particular case 
can be made by working out the cost of all the types and then choosing the cheapest. 

14.5. Design Considerations for Cross Drainage Works 

The follow~ng steps may be involved in the design of an aqueduct or a syphon-aqueduct. 
The design of a superpassage and a syphon is done on the sam<:nines as for aqueducts and 
syphon aqueducts, respectively, since hydraulically there is not much difference between them, 
except that the canal and the drainage are interchanged by each other. 

14.5.1. Determination of Maximum Flood Discharge. The high flood discharge 
for smaller drains may be worked out by using empirical formulas ; and for large drains, 
other reliable methods such as Hydrograph analysis, Rational formula, etc. may be used. 

14.5.2. Fixing the Waterway Requirements for Aqueducts and Syphon. 
Aqueducts. An approximate value of required waterway for the drain may be obtained 
by using the Lacey's equation, given by 

P= 4.75. -{Q 
where P= is-the-watted perimeter in metres 

Q = Total discharge in cumecs. 

For wide drains, the wetted perimeter may be approximately taken e-qual to the 
width of the drain and hence, equal to the waterway required. However, no extra 
provision is generally made for the space occupied by piers. Hence, if the total waterway 
provided is equal.to f, the effective or clear waterway will be less than P by as much 
extent as is occupied by pier widths. For smaller drains, a smaller figure for the 
waterway than that given by Lacey's regime perimeter, may be chosen. The maximum 
permissible reduction in waterway from Lacey's perimeter is 20%. Hence, for smaller 
drains, the width of the waterway provided should be so adjusted as to provide this 
required perimeter (minimum value = 0.8 P). The decided clear water way width is 
provided in suitable nu_mber of bays (spans). 

Size of the Barrels. After having fixed the waterway width & number of compart-
- irients-{bays),tne fie1g1it of tlie-drain-harrels has'to_b_e--'fixed. 111 case of an aqueduct, the 

canal trough is carried clear above the drain HFL, and drain bed is not to be-depressed. 
Hence, the height of bay openings is automatically fixed in aqueciucts, .as equal to the 
difference between HFL and DBL of drain. - - -

However, in syphon-aqueducts, the required area of the drainage waterway can be 
obtained by dividing the drainage discharge by the permissible velocity through the 
barrels. This velocity through the barrels is generally limited to 2 to ~ m/sec. The 
waterway area is then divided by the decided waterway width of the drain openings, to 
compute the height of the openings, and the extent of depressed floor._ 
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Due to the reduction in the width of the drainage, afflux is produced near the work _ 
site. The afflux will increase more and more, if the waterway is reduced more and more. 
The value of afflux is limited, so that there is no flooding of the country-side. The afflux 
may be calculated by using Unwin's formula as explained below in the following article. 

14.5.3. Afflux and Head Loss through Syphon Barrels. It was stated earlier that 
the velocity through syphon barrels is limited to a scouring value of about 2 to 3 m/sec. 
A higher velocity may cause quick abrasion of the barrel surfaces by rolling grit, etc. 
and shall definitely result in higher amount of afflux on the upstream side of the syphon 
or syphon-aqueduct, and thus, requiring higher anJ longer marginal banks. 

The head loss (h) through syphon barrels and the velocity (V) through them are 
generally related by Unwin's formula*, given as : 

h = [1 + f + f !::..] v2 - v~ 1 . 2 R 2g 2g ... (14.1) 

where L = Length of the barrel. 

Material of the surface ofbarre/ 

Smooth iron pipe 

Encrusted pipe 

Smooth cement plaster 

Ashlar or brick work 

Rubble masonry or stone pitching 

R = Hydraulic mean radius of the barrel. 
V = Velocity of flow through the barrel. 

Va= 'lelocity of approach and is often 
neglected. 

/ 1 = Coefficient of head loss at entry, 

= 0.505 for unshaped mouth 
= 0.08 for bell mouth. 

fz = is a coefficient such that the loss of head 
through the barrel due to surface friction_ 
is.given by 

fz · ~ · ~;; wherefz is giv-eri-as :- - · 

fz = Q (1 + * J I ••• (14.2) 

where the values of a and b for 
different materials may be taken 
as given in Table 14. I. 

Table 14.1 

a· 

0.00497 

0.00996 

0.00316 

0.00401 

0.00507 

b 

0.()25 

0.025 

0.030 

0.070 

0.250 

*The total head loss consists of three losses, i.e. 

E I f y2 ("") F. . I fzLV2 c···) E . I y2 
ntry oss = 1 2

g, ii ncuon oss = 
2

gR , m x1t oss = 
2

g· 
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After having fixed the velocity CV) through the barrels, the head (h) required to 
generate that much velocity can be found by using the equation (14.1). 

The dis HFL of the drain remains unchanged by the construction of ~vorks, and thus 
the u/s HFL can be obtained by adding h to the d/s HFL. The u/s HFL, therefore, gets 
headed up by an amount equal to h and is known as -afflux. The amount of afflux is 
limited because the top of guide banks and marginal bunds, etc. are governed by this 
raised HFL. So a limit placed on afflux will limit the velocity through the barrels and 
vice versa. Hence, by premitting a higher afflux and, therefore, a higher velocity through 
the barrels, the cross-sectional area of syphon _barrels can be reduced, but there is a 
corresponding increase in the cost of guide banks and marginal bunds and also the length 
of dis protection is increased. Hence, an economic balance should-be worked out and a 
compromise obtained between the barrel area and afflux. Moreover, in order to reduce 
the afflux for the same velocity, the entry is made smooth by providing bell mouthed 
piers and surface friction is reduced by keeping the inside surface of the barrels as 
smooth as possible. 

14.5.4. Fluming of the Canai. The contraction in the waterway of the canal (i.e. · 
fluming of the canal) will reduce the length of barrels or the width of the aqueduct. This 
is likely to produce economy in many cases. The fluming of the canal is generally not 
done when the canal section is in earthen banks. Hence, the canal is generally riot flumed 
in works of Type I and Type II. However, fluming is generally done in all the works of 
Type III. 

The maximum fluming is generally governed by the extent that the velbcity in the 
trough should remain subcritical (of the order of 3 m/sec). Because, if supercritical 
velocities are generated, then the transition back to the normal section on the 
downstream side of the work may invoive the possibility of the formation of a hydraulic 
jump. This hydraulic jump, where not specifically required and designed for, would lead 
to undue loss of head and large stresses on the >york. The extent of fluming is further 
governed by the economy and permissible loss of head. The greater is the fluming, the 
greater is the length of transition wings upstream as well as riownstream. This extra cost 
of transition wings is balanced by the saving obtained due to the reduction in the width 
of the aqueduct. Hence, an economic balance has to be worked out for any proposed 
design. 

After deciding the normal_ canal section and the flumed canal section, the transition 
has to be designed so as to provide a smooth change from one stage to the other, so as 
to avoid sudden transition and the formation of eddies, etc. For this reason, the u/s or 

approach wings should not be steeper than 26 l 
0 

(i.e. 2: 1 splay) and the d/s or departure 
2 -

_ wings should not be steeper than 1s l
0 

(i.e. 3 : 1 _splay). Generally, the 11ormal earthen 
----- - --- ----------------- - ------ -- ------2------- - -- - - - -- - - -- - -- ----------- -------- ---------- -

canal section is trapezoidal, while the flumed pucca canal section is rectangular. It is 
also not necessary to keep the same depth in the normal and flumed sections. Rather, it 
may sometimes be economical to increase the depth and still further reduce the channel 

- wiuiii in cases where a channel encounters a reach of rocky terrain and has to be flumed 
to curtail ruck excavation. But an increase in the water depth in the canal trough will 
certainly increase the uplift pressures on the roof as well as on the floor of the culvert, 
thus requiring larger roof and floor sections and lower foundations. Due to these rea;,ons, 
no appreciable economy may be obtained by increasing the depth. 
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The following methods may be used for designing_ the channel transitions : 

(i) Mitra's method of design of transitions·(~hen water depth remains constant). 

(ii) (::haturvedi's method of design oftr,ansitions (when water depth remains con
stant). 

(iii) Rind's method of design of transitions (when water depth may or may not 
vary). 

(i) Mitra's Hyperbolic Transition when water depth remains constant. Shri 
A.C. Mitra, Chief Engineer, U.P. Irrigation Deptt. (Retd.), has proposed a hyperbolic 
transition for_ the_ design of ~hanneltransitions. According to him, the channel width at 
any section X-X, at a distance x from the flumed section (Fig. 14.13) is give~ b7 

B 
= . Bn . Bf. Lt . . . ' 

x .; / .... (14.3) 
r 4~-~-~x · / . 

where Bn = Bed width of the normal channel section. 

B1= Bed width of the flumed channel section. 

Bx= Bed width at any distance x from the 
flumed section. 

L1= Length of transition. 

Derivation of equation (143) is given below: 
The above transition equation (i.e; equation 14.3) was derived on the basis that the 

. rate of change of velocity per unit length of the transition remains constant throughout 

CONTRACTION EXPAN_SION 
TRASITION TRANSITION 

1 ~FLUMED PORTION 
--..--'-_,_ 2:1 .r . DRAIN 

22·5°: . 

·, 4 

I 
u1sl

8
; __ 

8'1.::t-IORMALl_L ::._i Bf=FLUHED WIDTH 
WIDTH 130 c_ . -, 

I ,. ......_ __ .,,. 
--- D/S -

DRAIN 

.{'ig. 14.13 

the transition length. Thus, if Vn, l'J-and Vx represeq,t .. ~locities at the corresponding- -
sections, we have 

V1- Vx lj--Vn 
-x-=Lf 

... :· 

... (i) 
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Now, since depth'. y is assumed to be constant and the total discharge ·Q is also 
constant, we have 

or 

or 

or 

or 

or 

or 

or 

Velocity x Area= Discharge 

:. lj · Bf· y = Vx ·Bx· y = Vn · Bn · y= Q (assuming rectangular section throughout). 

VrBr= vi· B-x= vn · i311 

= Q =constant= K (say) 
y 
K 

lj=--
. Bf 

- - K 
--- Vx=-B 

x 

K v =n Bn 

Substituting these values in eq\lation (i) we get 

[{:f]~[{~f.] 
Bx-Bf _ Bn-Bf 

Bf· Bx · x .- Lt· Bf· Bn 
2 . 2 

Bx· LfBr Bn-Lr Bf· Bn =B,/3/Jx · x-Bf Bx· x 

B';L1·B'f·B ..,-B ·B'f·B ·x+B'f2 ·B ·x=L1·B'f2 ·B x- _ n. n . n x n 

Bx· Bf[Lr Bn-Bn ·x+!Jr x]=Lr BJ· Bn 

Bx[ Lr Bn :=x (~n_~B1)]=!-t_·~1:,~n 

B -[ fx· Be Bn ] 
x- Lr !Jn -x CBn-Bf) 

' . 
This is the required equation (14.3) . 

... (14.3) 

.. (ii} Chaturvedi's Semi-Cubical rarabolic 1'.ransition when water depth remains 
constant. Pz:of. R.S. Chaturvedi, Head of Civil E~1neering Deptt. in Roorkee Univer

. sity (Retd.), on the basis of his own experiments, had in 1963, proposed the. following 
equation for the design of channel transitions when water depth remains c.onstant. 

- L . B;/2 [ ( !!t. \3;2 ] 
x- B3,(2 -Bjl2 1 -l Bx) ... (14.4) 

-"--"--Choosing various convenient-values·ofB.x ;-the corresponding distance x can be computed 
easily from the above equation. 

(iii) Hind's Method for the design of Transitions when water depth may also 
vary. This is a general method and is applicable either when the depth in the flumed 
and unflumed portions are the same, or when these depths are different. 

· In Fig. 14.13, the contraction transition (i.e. the approach transition) starts at section 
1-1 and finishes at section 2-2. The flumed se.ction continues from section 2-2 to section 
3-3. The expansion transition starts at section :3-3 and finishes at section 4-4. From 

I I 

I 

I 
i. 
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section 4-4 onwards, the channel flows in its normal cross-section and the conditions at 
this section are completely known. Let Vandy with appropriate subscripts refer to 
velocities and depths at different sections. · 

The FSL at section 4-4 =Bed level at section 4-4 + y4 = (known) 
. y2 

:. TEL at section 4-4 = FSL at section 4-4 + 
2
; = (known) 

gene~~::::.:·:::3,0:d3 p~~r an '""8Y Io" m the ex~answn, which is. 
.. . [V~- V~) 

:. TEL at section 3-3 =TEL at sect~on 4-4 (known)+ 0.3 
2
g 

As the trough dimensions at section 3-3 are known, V3 is also known, and hence, 
TEL at section 3-3 can be computed. Knowing TEL at 3-3 ; FSL at 3-3 can be calculated. 

y2 
by subtracting 

2
; from TEL. Similarly, beo level at 3-3 can dlso be computed by 

substracting y3 from FSL at 3-3. 

Between sections 2-2 and 3-3, the channel flows in a trough of constant cross-sec
tion. The only loss in the trough (Hi) is the friction loss which can be computed with 

--Q2 ·n2 ·L 
;or HL = 2 413 • 

A ··R l 
Adding this .head iossHL to TEL of sec.tion '3-3, the TEL at section 2-2 is obtained. The 

yi:2 . 

FSL at section 2-2 can then be obtained by subtracting 
2
; from TEL of2-2. Similarly, the 

bed level at section 2-2 can be easily obtained by further subst:facting Y2 from FSL at 2-2. 
Since the. depth and velocity are constant in the trough, the TEL, FSL and bed lines are 
all parallel to each other from section 2-2 to 3-3. · 

Between section 1-1 and 2-2,~tVh~re :.~2Ja loss of energy due to contraction. This loss 
2- YJ 

is-~~~~~~~~~~~~~~,e~u~ t~~·=- __ 2g __ :__o __ ,, _____ ~ .•.. 
Thus the TEL at section 1-1 

. _ [v~-v?) 
=TEL ~t section 2-2 + 0.2 2g = (known). . 

. . . y2 '. < 
Knowing IBL at section 1-1, FSL at 1-1 can be obtained by subtracting -

2
1 .from TEL . g 

at 1-1. Similarly, bed level at 1-1 ~ari be obtained by subtracting y1 from FSL at 1-1. · 
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The bed level, FSL and TEL having been determined at all the four sections, the 
· . total cenergy line may be drawn by assuming _it to be a straight line between adjacent 

seetions. The bed line may also be drawn straight between adjacent sections, provided 
the rise or _fall in bed,~s~mall. The c?rners ~hould, however, ?e r?unded off_i~ this case'. 

-nowev.er,1fthe-change-in-bed level Is-considerable, the bed hne mthe trans1uon section 
should be drawn as· a ~mooth reverse curve, tan·gential to the bed lines at ends. 

Water surface in 

ORIGIN OF 1 Transition : in the con- ~ ~ l 2 
traction transition be- t 

-0 1'~AR(A1ussR~t<LAE - 11 -__ ·_ --, - ·rxx - -x tween section 1-1. to 2-2, 
· there will be a drop in 

water surface due to the 
drop in energy line and -t 2Y1 

also due to the increased 1_ Xi ' l 
velocity head at 2-2. This I , 

. . 1· ·b2 
dropinwatersurfacehas ,,... 2 x 1 :LL=-LE~NGTHOF .. , 2 
to be negotiated by a J' _ 
smooth curve tangential TRANSITION SE.CTION 2-2 

b. th d . h" b y SECTION 1-1 I at_o ens.T1scan e CENTRELINE BETWEEN 
.easily accomplished by H AND 2~2 

using two parabolic cur- p· 14 14 w S"'°" fil ,, T · · c· • · u· t ti' 11 1g. . . ater w,ace pro 1 e 1or rans1tion ontracnon. ve_s mee ng angen a y · · 
at.the centre of the transition, as shown in Fig. 14.14. 

. Let 2X1 = L =The Ieng~ in which fluming has been done. 

2Y1 =Total difference in water levels betwe~n section 1-1 and 2-2. 

Th~ distance of the Illiddle. point of transition will be X1 and drop in water ·surface 
-:will be Y1• The equation of the first paraboiic curve, with origfo. at water surface of 

.. section 1-1 {i.e. 01) is given by -

Y=C·X2 

when 

I 

Therefore, the equation of parabola becomes 

·- f=[~i]x2 ~ ... (14.5) 

Using the above_~uation, _the first parabolic curve can be easily plotted. Similarly, 
the second parabolic curve can bepfotte(fb)rtalan.g-tliecongin-a:t'-02 mrsection 2-i. 

The water surface'in the expansion transition between sections 3-3 and 4-4 can also 
be plotted in a similar fashiori,'where there will be a rise in the water surface from section 
3-3 to 4~4, as shown in Fig. 14.13. 

After having plotted l;he wate; surface profile over the entire length, the velocity 
head say (ftv) can be found -by. measuritig the. vertical. distance between TEL and water 

· surface line at any point. The velocity- head can then be converted into equivalent 
velocity by using V=--i2g:'h.,. Hence, the velocity at each point can be known. The 
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cross-sectional area required to pass the given dischar~e at each point can be foimd by 

dividing discharge by velocity at that point. (i.e. A_= ~) · . 

In trapezoidal channel of water depth y,.the bed width.B, and side slopes s: I; area 
is given by 

A =BD+s · y2. . .. (14.6) 

In flared wings, the side slopes are generally brought to vertical from an initial slope· 
of s : 1 and, therefore, the side slopes at any point can be interpolatedin proportion to./ 
the length of transition undergone. Thus at any point· A, y ands are known and hence 
the value of B can be worked out ~t this pt. by using the equation (14.6). The width of 
the canal at various points in the transition can thus be determined. Hence, all the 
dimensions of the transition are fully found out. 

.. i4.5.5. Design of Pucca Canal Trough. The canal trough is designed as follows : 
. . . . . -

For an Aqueduct. In case of an 
aqueduct, the bottom of the canal i.e. 
the roof of the culvert is subjected to 
the dead weight and the vertical load of 
water from the top, as shown in Fig. 

FSL o'F CANAL 

14.15. UIS HFL 
- - - -

Since in an aqueduct, there is no 0 RA m :..-
uplift from the underside acting on th~ : :=_ -=._ -:=: 
bottom of canal bed, the canal bottom. 
has to be designed for taking the dead 

ORAi N • 

weight and full water load (when canal Fig. 14.15· 

D/S H FL 

-- - - -

-is running full) 15y either providing·a ~ ,--·-,:------
thickness sufficient to ta!s:e this much of load merely by gravity or by providing a 
reinforced concrete slab with reinforcement at its bottom. . -. 

The side walls of the canal are to be designed as retaining walls. They may be made 
of m~sonry or RCC. It is preferable to have an entire R.C.C. section. The retaining 
walls 'ifiH be designed to carry the entire hqrizontal force exerted by the canal water 
·and shall, therefore, carry reinforcement ~n the. water face. 

Fo/'an Aqueduct Syphon. In case of an aqueduct syphon, besides the vertical load 
of canal water, one more force comes into action i.e. the uplift pressure exerted by the 
drain water. The roof of the culvert i.e. the bottom-slab of ca.nal should now be designed 

. to withstand these two forces independently. Although these two forces act in a opposi-
-·- tiollc to.each.other buLs_t_iU,cunder the worst circumstances, there may-be times when_only 

\:me of them may be acting~F~~ -~~~riip1~.-·~.he~ <lr-ainage is-fl.-o.wing-ai Tis-maximum-high.:_ :c - .. · :i 
flood level, canal may be empty. Similarly, there may not be any drainage water 
touching the slab when the canal may be running full. H~nce, the slab should be designed 
for: 

· (i) full water load and dead weight, with no uplift 

(ii) full-uplift with no water load. 
\. 
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The amount of the uplift pressures exerted by the drain water on the roof of the 
culvert can be evaluated by drawing the hydraulic gradient line (H.G. line), as shown 
Fig. 14.16. 

' ·--DRAIN 

DEPRESSED FLOOR 

-- --_.;DRAIN 
BOTTOM SLAB 

OF CUL VE.RT 

Fig. 14.16 

The uplift pressure at any point under the roof of the culvert will be equal to the 
vertical ordinate between the hydraulic gradient line and the underside of the canal 
trough at that point, as shown in Fig. 14.16. From this uplift diagram of Fig. 14.16, it 
is very evident that the maximum uplift occurs at the upstream end point near the entry. 
The uplift pressure on the underside of t.'le trough at the upstream end will be =[u/s 
water level - Entry loss - the level of the underside of the trough]. The slab thickness 
should be designed to withstand this maximum uplift. 

When the slab is designed to counter-balance the maximum uplift, merely. be 
gravity., it js sometiro~s fqqnd that the slab thickness required is less than what is 
required for the first condition (i.e. when designed for foll water load). Butinariy a tlrnes~ 
the thickness required for balancing uplift may exceed the thickness required for. balanc
ing the water load. In that case, it is generally not advisable to increase the thickness 

, ,because any increase in thickness will EXPANSION _ 101 NT 

result in lowering the levels of both 
the roof of the culvert as well as the 

· bottom slab of tuivert. This, in t1.1irn, 
will increase the uplift on the roof 
slab as well as on the bottom slab of BEARING PAD 

culvert. Hence, in such a case, the ANCHOR 

thickness of the roof slab is generally BA RS 

provided from the considerations of 
--~·- w·atei toaci andtlle re-m-ainin-g-\ipiiftis==--=~-:_ 

resisted by bending by providing top 
reinforcement in the roofsfab. In such MASON RY 

a case, the roof will have to be 
. anchored to the bottom slab through Fig. 14.17. Typical details of anchoring. 

piers by steel bolts, etc. so as to provide necessary end reactions for upward bending. 
A typical anchoring arrangement is shown in Fig. 14.17. A better alternative may be to 
provide full fledged R. C. C. box culvert. · , 
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14.5.6. Design of Bottom Floor of Aqueduct and Syphon Aqueduct. The floor 
of the aqueduct or syphon-aqueduct is subjected to uplift due to two causes : 

(a) Uplift due io water-table. This force acts where the bottom Tfoor is depressed 
below the drainage bed, especially in syphon aqueducts. -

The maximum uplift 
under the worst condition DRAINAGE POSITION OF 
would occur when there is no BED WA TE R TA~ l .:_ "\_ _ 

water flowing in the drain and ~~=~1T" 
the watertable has risen up .to'· 
the drainage bed. The maxi
mum net uplift in such a case 
would. be equal to the dif
ference in level. between the 

~: 

drainage bed and _the bottom of the floor, as shown in Fig. 14.18. 
(b) Uplift due to seepage of water from the canal to the drainage. The maximum 

uplift due to this. seepage occurs when the canal is running fuli and there is no water in 
the drain. The computations ofthis uplift, exerted by the water seeping from the canal 
on the bottom floor, is very cdmplex and difficult, due to the fact that the flow takes 
place in three dimensional flownet. The flow cannot be approximated to a two dimen
sional flow, as there is no typical place across which the flow is. practically two 
dimensional. Hence, for the smaller works, Bligh's Creep theory may be used for 
assessing the seepage pressures. But, for the larger works, the uplift pressures must be 

UIS END 
OFPUCCA 

FLOOR 
OF DRAIN 

DRAINAGE 

· checked by model studies. 
--..---.~--r- The seepage pressure can be 

Fig.)4.19 

UIS END OF PUCCA I d b Bl.. h' h' 
FLOOR OF CANAL eva uate y 1g s t eory 

TROUGH as explained bel.ow : 

DIS END OF 
PUCCAFLOOR 

DRAIN 

The seepage flow occurs 
from the beginning of pucca 
canal trough· (point a) and 
reappears in the drainage bed 
on. either side of the imper- . 
vious floor along the centre 
of the floor of the first cul
vert bay (say point c or point 
cl) in Fig. 14.19. Point b is 
the point under the centre of 
the floor of the first culvert 
bay. 

The· seepage path from .a to b and from b fo c can be known: Thec-tofar cfeepleirgth -
. will then be equal to =ab+ be. If His the total seepage head (i.e. H = FSL of canal - dis 
. bed level of drain), the residual head at. the point b (i.e., Hb) is .then given by Bligh's 

theory as equal to 

Hb = H c.. [ab~ be x ab] 

or Hb=[ab~bcxbc] ... (14.7) 
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The floor of the syphon-aqueduct must be designed for the total uplift·which is equal 
·to the sum of the uplift due to seepage plus the upltft due to static head. The total uplift 
may· be partly resisted by the wt. of the floor and partly by bending in reinforcement. 

..... ___ ._Method_s_{)f_J?.d.1!.<:.!ng uplift on. the floor. The uplift on the bottom floor may be 
-reduced in two ways :-:- . -- - - · · - --- - - · 

(i) By extendjng the impervious canal ·trough on either side of the drainage so as 
to increase the creep length ab. A puddle apron may be used in place of 
.concrete floor, jf e<layis_easily. available. 

(ii) By providing drainage holes in _the culvert floor so as to release the uplift. If 
s_uch relief holes are provided in the bottom floor; an inverted filter, should 
also be provl.d~4 below the floor. The inverted filter would help in preventing 
th~ soil particles from getting out of the holes. The performance of such holes 
may ~o( prove.very successfu,J in actual field as it appears to be on paper. 
Because, if these get choked or if there occurs some defect in filter system, 
there may be a danger of faiJure ~f work by excessive uplift or by undermining. 

14.5.7. Design of Bank Connections. Two set of wings are required in aqueducts 
and syphon-aqueducts. These are : 

(i) Canal Wings or Land Wings. 

(ii) Drainage Wings or Water Wings. 

(i) Canal wings or Land wings. These wings provide a strong connection between 
the masonry or concrete sides of a canal trough and earthen canal banks. These wings 
are generally warped in plan so as to change the canal section from trapezoidal to 
rectangular. They should be extended upto· the end of splay. These wings may be_. 
designed as retaining walls for maximum differential earth pressure likely to come on 
them with no water in the canai. The foundations of these wings sho.uld not be left on 
filled earth. They should -be taken deep enough to give safe creep length. 

(ii) Drainage wings or Water wings or River wings. These wing walls retain and 
protect the earthen slopes of the canal, guide the drainage water entering and leaving 

· the work, and join it to guide banks and also provide a vertical cut-off for the water 
seeping from the canal into the drainage bed. The foundations of these wing wails should 
be taken below the deepest anticipated scour in the river. The sections of these wing 

. walls should be capable of withstanding the maximum differential earth pressure likely 
tci come on them. · 

The layouts of these sets of wings depend on the extent of contraction of canal and 
drainage waterways, and the general arrangement of the work. 

Design Examples 

-' -_-----'-Example-14.l. Design-a-suitable cros.s~drainage work, given th.e follp}1Jing data at 
the crossing of a canal and a drainage. 

Canal 

Full supply discharge 
. Full supply level 

~ Canal bed level 

Canal bed width 

=.32 cumecs 
=R.L 213.5 
=R.L. 212.0m. 
=20. 

Trap~zoidal canal sectioihwith 1 f H: 1 V slopes. 
/ \ 

Ca,1Jal water depth = 1.5 m. 
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Drainage. 

High flood discharge =300 cumecs. 
Highflood level =210.0m. 
High flood depth = 2.5 m. 
General ground level = 212.5 m. 

Solution. Since the drainage is of a large size, work of type . III will be adopted. 
Further, because the canal bed level (212.0 m) is much above the H.F.L. of drainage 
(te. 210.0 m) an aqueduct will be constructed. The earthen banks of the canal will be 
discontinued and the canal water taken in a: concrete trough. For effecting e£on6iriy;-the 
canal shall be flumed. 

Step 1. Design of Drainage Waterway 

Lacey's regime perimeter= P = 4:75 {Q 
· . where Q = High flood discharge of drain 

= 300 cumecs (given) 
P = 4.75 · °'1300 = 82.3 m. 

Let the clear span between piers be 9 m and the pier thickness be 1.5 m. 

Using 8 bays of 9 m each, clear waterway = 8 x 9 = 72 m. 
Using 7 piers of 1.5 each, length occupied by piers= 7 x 1.5 = 10.5 m. 

Total length of waterway= 72 + 10.5 = 82.5 m 

Step 2. Design of Canal Waterway 

Bed width of canal = 20.0 m. 

Let the width be flumed to 10.0 m. 

Providing a splay of 2 : 1 in contractiqn, the length of contraction transition 

20-10 
= · X2=10.0m 

2 
Providing a splay of 3 : l in expansion, the len,gth of expansion transition 

20-10 
I= 

2 
X 3=15m 

Length of the flumed rectangular portion of the canal between abutments = 82.5 m 
(provided). 

1).1 transitions, the side slopes of the canal section' will be warped in plan from tl:ie 
original slope of 1 t : 1 to vertical. 

I 

Step 3. Head loss and bed le;vels at different sectio.ns. (Fig. 14.20). 

At Section 4-4 

At section 4-4, where the canal returns to its norynal section, we have · 
Area· of trapezoidar-canal section - --

= (B + l.5y) y 

= (20 + 1.5 x 1.5) 1.5 = 22.5 x l.5 = 33.75 m2 

Velocity= V4 = (~ )= 3~~5 =·0.947 m/sec 

. v~ (0.947)2 

Velocity head= 
2
g = 

2 
x 

9
_
81 

0.046m 

R.L. o(bed, at 4-4 = 212.0 m (given) 
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CANAL - 2Pm 

PLAN 

2om 

' 

,
1 

10 m --... j•--82.5 m--•+ool • ..... ·---

- 10m--

l t---"'t--r::..:::-:...:-::...- - - - - --

1 , 2 
213.718 

·t---..__ T.E.L 

~ ~ - - -=-~~21_3 •. 68~1-~==-·---........ '.-::::!:""~~~· 213.546 

' 213.672 -·- - - - 213.5 I .I 213.449 F.S.L. 213.370 

. -------~ 1 I BED ! 

~:::----~1~..:.· _.,.. ____ lµlL--------il 212.om j 212· 172 211.94; f 21l.870 4 fGivenJ 

1 ! L-Section 

3 

Fig. 14.20. Plan and Section of Canal Trough in Example 14.1. 

R.L. of water surface at 4-4 = 212.0 + 1.5 = 213.5 m 
--R;t.-ofTEJ:;: ·at-4:4=-213.5-+0.046 = 213.546-m 

The known condition of 4-4 shall now be utilised for finding the bed levels etc. at 
3.3; ' . -

At Section 3~3 

Keeping the same depth of 1.5 mthroughout the channel, we have at section 3.3 : 

Bed width = 10 m 
Area of channel = 10 x 1.5 = 15 sq m 

. . 32 
Velocity= V3 =15 = 2.13 m/sec 

. . . vr (2.13)2 

'--------~ ____ Yel_O_G.lt)' head ='-2i :::;:'2.'xc9,;8_f. __ J!:~}J. cIIl _ 

As~uming that the loss of head in expansion from s~ctibn 3-3 to section 4~4 is taken 
as 

_ [V~-V~] 
-0.3 2 . g . 

= 0.3 [0.232- 0.046] 
= 0.3 x 0.186= 0.0558m; say0.056m 
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R.L. of T.E.L. at section 3-3 = R.L. of T.E.L. at4-4 +Loss in expansion 
= 213.546+ 0.056= 213.602m 

:. R.L. of water surface at 3-3 = R.L. of T.E.L. at 3-3 - Velocity Head 

= 213.602- 0.232 = ~13.370 m 
R.L. of bed at 3.3 

= 213.370- 1.5 = 211.87 m 
At Section 2-2 

739 

From section 2-2 to 3-3, the trough section is constant. Therefore, area and velocity· 
at 2-2 are the same as at 3-3. But from 2-2 to 3-3, there is a friction loss between 2-2 
and 3-3 which may be computed by Manning's for:n~la as equal to 

n2 
· V2 

· L 
Hi= R413 

where n is rugosity coefficient whose value in con
crete trough may be taken as 0.016; and L is the 
length of trough = 82.5 m. 
Area oftrough section (A)= 10 x 1.5 = 15 sq m 
Wetted perimeter (P) --= 10 + 2 x 1.5 = 13 m 

Hydraulic mean depth (R) = ~ = ~ ~ = 1.16 m 

Q 32 
Velocity in trough = A = 15 = 2.13 m/sec 

H _ (0.016)2 x (2.13)2 x 82.5 
L - (1.1 6)4/3 

= 0.0787 m; say 0.079 m 

R.L. of T.E.L. at 2-2 = R.L. of T.E.L. at 3-3 + Friction loss in trough 

= 213.602 + 0.079 = 213.681 m 

R.L. of water surface at 2-2 

= 213.681- 0.232 = 213.449 m .. 
. R.L. of bed l).t 2-2 

' 
=213.449- L5=211.949m 

At Section 1-1 

Loss of head in contraction transition from 1-1 to 2-2 

=02 (V~ 2~ Vy} 
= 0.2 [(2.13)2 - (0.947)

2
] 

2 x 9.81 

= 0.2 [0.232 - 0.046] = 0.037 m 
r 

R.L..of T.E.L. at 1-1 = R.L. of T.E.L. at 2-2 +Loss in contraction 

= 213.681+0.037 = 213.718 m 

" - . - - - - - -- ------------··-------··- -· -
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R.L. of water surface at 1-1 

= 213.718-0.046=213.672m 

R.L. of bed at 1-1 

= 213.672- l.5 = 212.172 m 
All the bed levels, F.S.L. and T.E.L. are plotted in Fig. }4.20. 

. . 
Step 4. ~es~gn of Transitions 
(a) Contraction Transition. Since the depth is kept con-

stant, the transition can be-designed on the basis oLMitra'_s _ r· 
Hyperbolic transition equation (14.2) given as : . 

. B . B T_. . _!<;anal 20m 
B = n f'.:1 

. x LtBn-x(B~-.-:-B1) l 
where BJ= 10 m 

Bn=20m 

Li= lOm 
Substituting we get Fig. 14.21 

B = 20x lOx 10 = 2,000 
x 10 x 20 - x (20 - 10) 200 - 1 Ox 

2 

For various values of x lying between 0 to 10 m, various, values of Bx are worked 
out, as shown below in Table 14.2. The distance xis measured from flumed section.i.e. 
2-2, as shown in.Fig. 14.21. 

. Table 14.2 

xinmetres 0 2 4 6 

B 2,000 . 
x= 200_-= lOx_m metres 10.0 11.11 12.5 14.29 

The contraction transition can be plotted with th~se values. 

Expansion Transition. In this case Bn = 20m; 
B1=JO m, and L1= 15 m. 

Using Eqn. (14.2), we get 

B = Bn ·Be Lr 
x Lr Bn - x (Bn - B1) 

.20 x 10 x 15 3,000 
= 

15x20-x(20-10) 300-lOx· 

For various values of x lying between 0 to 15 m, 
various values of Bx are· worked out by using the 

· 'aoove-equation:;-iifl;irown--foCTabfo-1-4.3. -

Table 14.3 

x 
0 .2 4 6 in metres· 

3 

T c~10m 

... · 

8 10 

B ~ 3,000 
x 300-JOx l@~ 10.71 11.54 . 12.5 . 13.64 15.0 

in metres "-:.· 

8 

16.67 

Fig.14.22 

.. 12 14 

16.67 18.75 

The expansion transition dm be easily plotted with these values. . . . . 

10 

20.0 

15 

20.0 



z 
<( 

a:: 
. - o_ -----

u. 
0 

z 
I Q 
IN I-

:~ ~ 
I ("\) I/) 

..J I/) 

I~ ~ 
NI~ u 

. '° 
r<l I 8 ..J 

N I 41 ~ 
..i I -;;_ < 
Ji I ~ u 

:.:: u:. u 
~ I 
o:i I . 
LL I 
o I· 
0... 
0 
1--

\ 

l,S; I SLOPE 

3-Sm 

10·0 

x 

CANAL 

CANAL BED 
212-172 

3·375 1.s:i 
SLOP 

TOP OF DOWLA 
ROAD LEVEL 

'' ~ ' 

..,._ ____ e BAYS OF 9m EACt-l AND 7 PIERS OF 1.smEACH'.8 2 · 'ir;-i) . 

4 ·v .. 2~ 212 , 

(_.. -
0·6 

- 9·0rn 

SERVICE ROAD 

DRAINAGE BED LEVEL 207-5m 

R .L.214·3 

0.4m THICK SIDE WALL I 

HYPERBOLIC h 

10.0 ,, 
1·51 /~/ 6·25 715 

1==;:::=::=f:$::!;=:. =:::::==:5$m==:==::::=t~~~~-1,J_~-S ~ 1 i 
I I 

I I I ~~~~ 
-~-sm _1 "'6.d--= • 1 _ 

11 : 16· I 

---~~~ 
( '-.. "'- ' 'T'------._. 

<( 

BED LEVEL 201 ·5m 

B f~~~ol 
i. \ R.L 214-1 

PLAN 

WATER STOP CUM EXPANSION 
JOINT 214

·
10 

TOP OF WING WALL 

-~--'---------- e 2. 5 m ----------t-l-'---15.0 (l'l ------... 

SECTION AT XY Z 

DETAILS OF THE AQUEDUCT tFIG. 14.24.) 

q flJ 
I/),.;, 
0 0 
N 1\1 

"'_'lf,~~n 
. .,._'·. 
. ' 

.. tf 

E E 
-.t- q 
• -.t

F'l -

<( 
I 

<( 

0 
w 
Ul 

----------~-----



CROSS DRAINAGE WORKS 

Step 5. Design of Trough 

The trough shall be 
divided into two equal com
partments of 5 m each and 
separated liy an intermediate 
wall of 0.3 m thicl<ness. ·The 
inspectit>h road sha}.l be car
ried on the top of left compart
ment as shown in Fig. 14.23.· 

A fteeboard of 0.6 m 
above the ,normal· wafer depth 

741 

Fig, 14.2~ 

of 1.5 mis sufficient, and hence, the bottom level of bridge slab over the left compart
ment can be kept at 1.5 + 0.6 = 2.1 m above the bed level of the trough: The height of. 

! the trougfi will, therefore, be kept equal to 2.1 m. The entire trough section will be 
constructed in monolithic reinforced-concrete and can be designed by usual structural 
methods. The tentative thicknesses may be used as follows : 

Outer walls = 0.4.m thick 
Bottom slab of trough= 0.4 m thick· 

The 'intennediate partition wall is to be extended in the transitions so as to provide 
the necessary clear width of 10 m. The detailed drawing of the aqueduct is illustrated 
in attached chart Fig. 14.24. 

Example i4.2. Design a syphon aqueduct if the following data .at the crossing of a 
canal and a drainage are given : 

(i) Discharge of canal . = 40 cumecs. 

(ii) Bed width of canal = 30 m. 

(iii) Full supply depth of canal 

(i~) Bed level of canal ' 

· =.1.6.m .. 

= 206.4 m. 

(v) Side slopes of canal = l~ H: 1 V. 

(vi) Highf/,ood discharge of drainage = 450 cumecs 

(vii) High flood level of drai~ge 

(viii) Bed level of.dr_a{nage 

(ix) General grourid level 

= 207.0m. 

= 204.5 m. 

= 206.5 m. 

Solution. Since the drainage is of 'a large size, work of type Ill will be adopted. 
Further, because the canal bed level (206.4 m) is slightly below the d,rainage HFL (207 _0 
m) ; a syphon aqueduct is required and is also asked for. The earthen banks of the canal 
will be discontinued and the canal water taken in a concrete· trough. For affecting 

-eeonomy, the.can.al shalloe fllimoo. - · · -
Step ·1~ Design of Drainage Waterway lfl\ 

Lacey's regime perimeter= P = 4.75 . .../Q -
=4.75../450=100.8 m 

Provide 11 clear spans of 8 m each and let the width of each pier be 1.5 m. 

The length occupied by 11 bays o{ 8 m each = 11 x 8 = 88 m 

The length occupied by 10 piers of _1.5 each = 10 x 1.5=15 m 
Total length of waterway · =. 88 + 15 = 103 m. -
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Let us, now, limit the velocity through syphon~barrels, to a value, say 2 m/sec. 

Height of barrels required • 

= Discharge = ~ = 2 56 
Velocity x clearwidthofwaterway 2 x 8~ m · m. 

Hence, -provid~l 1 rectangular barrds, each- 8-m_,wide and 2.5 m high. 

Actual veiocity through barrels = 
11 

x4~~ 
25 

= 2.05 m/sec. 

Step 2. Design of Canal Waterway 

Normal bed width of canal = 30 m 

Let the width be n~duced to 15 m. 

Providing a splay of 2 : 1 in contraction, the length of contraction transition 

= 
30

; 
15

x2=15 m. 

Providing a splay of 3 : · 1 in expansion,. the· length of expansion transition -
-30-15 . 

= 
2 

x 3 =,= 22.5 m. 

Length of flumed rectangular portion of the canal between abutments = 103 m 
(provided). In transitions, the side slopes of the canal section shall be warped in plan 
from the original slope of 1 f H : 1 V to vertical. · 

Step 3. Design of Bed Levels at Different Sections (Fig. 14.25) 

207·107 

206·507 

'' . ··-· 

1207-922 

;=-=-=-::-~---"'--. 4_ ~2o;g.6~-3~2bL ~ 206•4_ 
--,(Given) 

_,_, ____ . __ 

L-SECTION 

Fig. 14.25. Plan and Section of Canal Trough in Example 14.25. 

At Section·4-4 

When the canal returns to its normal section, we have the known coDiditions as 
follows: -
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Area of trapezoidal canal section 

.. = (B+ I.5y)y 
where B ~Bed width = 30 m 

y=Depth= l.6m 
= [30 + 1.5 x 1.6] 1.6 
= 32.4 x 1.6,;,, 51.84 sq. m. 

Velocity of flow = V4 = ~ = 5 ~-~4 = 0. 77 ml sec. 

Velocity head = V~ = (O. 77)
2 

= O 030 m 
2g 2x9.81 · · 

R.L. of canal bed at 4-4 = 206.4 m (given) 
Water depth = 1.6 ni (given) 

R.L. of water surface at 4-4 = 206.4 + 1.6 = 208.0 m 
R.L. of T.E.L. at 4-4 = 208.0+ 0.03 = 208.03 m. 

A.t Section 3~3 

743 

Assuming a constant depth of 1.6 m throughout the channel, we have at section 3~3. 
a rectangular channel, as follows : 

as 

Bed width == 15 m 
Depth = 1.6 m (assumedconstant) 
Area = 15 x 1.6 = 24 sq. m. 

40 
Velocity = V3 = 

24 
= 1.67 m/sec. 

. _ v~ _ (I.67)2 _ 
Velocity head-

2
g -

2
x

9
_
81 

-0.142m 

Assuming that the loss of head in e:icpansion from_section3..,3:t0csection 4::4 is taken 

_ [V~-V~] 
-0.3 2 . g 

= 0.3 [0.142-0.030l= 0.3 x 0.112=0.0336m; say0.034m. 

R.L. of T.E.L. at 3-3 = R.L. of t.E.L. at 4-4 +Loss in expansion 
= 208.030 + 0.034 = 208.064 m. 

R.L. of water surface at 3-3 

R.L. of bed at 3-3 

··· · --A.f Section 2-2 

= 208.064-0.142= 207.922m. 

=207.922- l.6=2J)6.322m. 
-- . .. . . -- -- ... - . -- - --- -- - ---·-·- -- -------··--------------- ------ -- ··-

From section 2-2 to section 3-3, the trough section is constant. Therefore, the area 
and velocity at 2-2 are the same as at 3-3. There is a friction loss between 2-2 and 3-3, 
which may be computed by Manning's formula, as equal to 

· n2V2L 
HL= Jt13 
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as 

. . 
where n is rugosity coefficient, whose value in a 
concrete trough may be taken as 0.016 and Lis the 

· length of channel = 103 m. 
Atea of trough section (A)= 15 x 1.6 = 24 sq. m 
Wetted perimeter = 15 + 2 x 1.6 = 18.2 m 

- ·····-· · · ' A 24 
· ·Hydraulic mean depth = R =: p = 

18
_
2 

= 1.32 m 

Velocity in trough 

· · n2 
• V2 · L - (0~016)2 x (l.67)2 x 103 

Head loss, HL =. R41~ . 413 0.051 m. 
- (1.32) 

R.L. of T.E.L. ;i.t 2-2 = R.L. of T.E.L. at 3-3 +Head loss in trough 

= 208.064+ 0.051=208.115 m. 
R..L. of water le_vel at 2-2 =208.115-0.142= 207.973m. 

R.L. of bed at 2-2 =207.973..::. i".6=206.373m. 
At Section 1.1 
Loss of head in contractfon transition from section 1-1 to section 2-2 may be taken 

[ V~ - Vf] [(l.67)2 
- (0.77)2

] · · ' =0.2 
28 

=0.2 ix
9

.
81 

=0.0224m;say0.022m. 

·R.L. of T.E.L. at 1-1 = R.L. of T.E.L. at 2-2 +Loss in contraction 

=208.115+ 0.022= 208.131ni 

R.L. of water surface at 1-1 

= 208.137-0.030= 208.107tn~ 
"' c'R.L:c·oI_ bed° at=l~'ffequifed to mairifai:ri'cori~farit ,depth.. . . .. . .... ······ 

= 208.107 - 1.6 = 206.507 ni. 
All these levels are plotted and snown in Fig. 14.25. 
Step 4. Design of Transitions 

· (a) Contraction Transition. Since depth is kept constant, the transition shall be 
designed on the basis of Mitra's'Hyperbolic transition equatiort, (14:2) given by 

B _ Bn ·Br ft~ _ . 
x- Bn · &-x(Bn-Bj) 

where B1= 15 m 

Bn=30m 

L1=I5m"'" 

Substituting, vie get 

6750 450 B = 30 x 15 x 15 · = 
x 30xl5-x(30-15) 450-15x 30-x 

For various values of x lymg between 0 to 15 m, various values of B:.. are worked 
out, as shown in Table 14.4. 'J?e distance xi~ is measured from the flumed section 2-2. 



S DRAINAGE WORKS 
ROS 

x 0 
in metres 

Table 14.4 

2 4 6 
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8 JO 12 14 15 

450 
B,=~ 15.o 16.04 11.2i 18.n 20.42 22.s .. 25.o 2s.1 3o.o. 
in metres 

Expansion Transition. In this case, we have 

B~=30m . .. 

B1= 15 m 
L1=22.5m 

B ·B ·Lr 
Bx= B L n (B B) i.e. Eq: (14.2) 

n' 1-X n- 'f. 

= 30x 15 x 22.5 =~ 
30 x 22.5-x (30-15) 45 -x 

For various values of xlyi11g between 0 to 22.5 m, corresponding values of Bx. are 
rked out, as shown in Table 14.5. The distance xis measured from the flumed section 

J, 
Table 14;5 

- x 0 2 4 6 8 10 12 14 . 16 18 20 22.5 
inmetres 

675 
B,= 45-x 15.0 15.7 116.46 / 17.3 18.25 19.3 20.4 21.75 23.3 25.0 27.0 30.0 
in metres 

--·-- -------- --- ----- --·-- --
Step 5. Design of Trough 

The trough shall be divided into three equal comp~tmeats, each 5 m wide, separated 
~..3 m thick partition walls (2 Nos.). The inspection road (5 m wide) shall be carried · 

·the extreme left compartment, as shown in Fig. 14.28. A free-board ·of 0~6 in above 
normal water depth of 1.6 mis sufficient, and hence, the bottom level of bridge slab 
i be kept at 1.6 + 0.6 = 2.2 m above the bed level of the trough. The height of the 
~gh will also be kept as equal to 2.2 :m. The entire trough ~ection can be designed as 

1nolithic reinforced concrete structure by the usual structural methods. The tentative 
knesses may pe used as follows : 
Outer walls = 0.4 m thick 

Bottom slab of trough= 0.4 m thick 

The intermediate walls_sh_aJI .b.e extende.dc..into.Jransitions,-sG--as-"t0-'-previae-the-· 
essary clear width of 15 m. · . 

Now, the overall ()Uter width of trough (including walls) 

= 15 + 2 x 0.3 + 2 x 0.4 
= 15 + 0.6 +0.8.=16.4m. ' 

Hence, the length of syphon barrel = 16.4 m 

Step 6.' Head Loss Through the Syphon Barrels . 
The head loss through the .syphon barrels is given by Unwin's form1da as equal to 
lecting vel. of approach) · /. 

/ 
. ·'1. 



746" 

'!* 
I 
I 

I 
IRRiGATION ENGINEERING AND HYDRAULIC STRUcru i 

RE.\ 

h =[I+ / 1 + h · ~] ~; i.e. Eq. (14.1) f 

-----------
where V = velocity through barrels = 2.05 m/sec 

Ji-= coefficient of loss of head· at entry, 

Substituting these valu~s, we get 

= 0.505 for unshaped mouth. 

/ 2 = a (I + * l where the values of a and b 

taken ~om table 14. l for cernen 
plastered barrels as 

a= 0.00316 
b= 0.030 
R = Hydraulic mean depth for barrel. 

- A 8 x 2.5 _ 20 O 
9 = p =_2 (8 + 2.5) = 21 = . 53 

L =Length of barrel= 16.4 m. 

[ 
0.030] 

!2=:=0.00316 1+0.953 _ =0.00326 

. . h = [ 1 + o.505 + 0.00326 (01.~5~ )] i~~~r1 = o~333 m 
High flood level of Drainage is given = 207 .0 m - -

:. d/s H.F.L. =207.0m 
Afflux (h) ='"0:333 fn. ----

u/s H.F.L. =dis H.F.L. + Afflux (6r loss of head) 

= 207.0+ 0.333 = 2o7.333m. 

Step 7. Uplift Pressure on Roof of barrels · 

R.L. of bottom of trough = R.L. of canal bed - Slab thickness 

= 206.4- 0.4 = 206.0 m 

Loss of head at entry of barrel = 0.505 ~; = 0.505 x i~~~rl = 0.108 m. · 

Uplift on the roof 
___ _ _ _ =:u/sH.F.L. - Loss at entry - Level of underside of roof slab 

_____ = 2o7.333=-o:1as -=20-ern--- ---- - ----~ 

= 1.225 m of ~~ter = 12.25 kN/m 2 (1.225 t/rn2) 
(Assuming unit wt. of water = 1 O kN/m3 or 1 U 

The concrete trough slab is 0.4 m thick and will thus exert a downward load 

0.4 x 24 = 0.96 kN/m2 (assuming unit wt. of concrete= 24 kN1 

: Strictly speaking, unit wt. of water= 9.81 kN/m3 ; -buf to ease in calculations we have taken unit 
water= IO kN/m3 (! t/m3

) and of concrete= 24 kN/m3
. 
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. The balance of the uplift pressure i.e. 12.25 - 9.6 = 2.65 kN/m2 has to be resisted 
by the reinforcement to be provided at the. top in the roof _slab. The roof slab has to be . 
designed for full canal water load (1.6 m of water) plus self weight, when the drainage 
water is low and not exerting any uplift. Suitable reinforcement at bottom of the slab 
IllaY be provided for this downward force, as worked out below : 

Step 8. Design of roof'-Of barrel 

Uplift to be balanced by top reinforcement = 2.65 kN/m2 
_ __ _ ____ _ 

Downward water load acting when there is no uplift-= 1.6 m of ~at~r,,; 16 kN/m 2 

Load due to self wt. of slab= 0.4 x 24 = 9.6 kN/m2 

Total downward load= 16 + 9.6= 25.6 kN/m~ 
An intermediate wall of 0.3 m thickness- has been provided in the trough,_ having 

clear span of 5 m, the effective span is, therefore, "'.' 5 + .0.3 = 5.3 m. 

Let us consider 1 m wide strip of slab. 

Maximum sagging bending _moment in slab._due to downward loads 

- 25·6 x (5 ·3)
2 

kN- ·- 71 7 kN- .. - 71.~7 1"5 N -
10 

. m :-. . . _m - . x u- . .cm 

Maximum Hogging momentdue.to residual uplift acting from below 

= 2·65 x <53>3 kN-m,,;. 7.42 kN-m =-~.,~2 x lff N.cm 
10 . · .. - ~'.~--

wl 25.6x 5.0 · ·- · 
Max. shear force = 2 = 

2 
kN = 64 kN. 

Using I : 2 : 4 cement concrete, we have . 
Effective depth (cf) of slab required --· 

~ IM ~1i.1x 1r:f :--
d=-\JQJ; = 87x 100 =28.Scm_ .. 

Provided overall thickness is 40 cm and thus provided effective depth 

d=37.5cm. 

Steel required at the bottom of the slab 

71.7xl0
5 

21 I th 
= i2000 x 0.87 x 37.5 cm m eng 

· (using red_µced stre~~j~_§!e~LaS:..12.QOO_NLcm-2) _ 
_ · ~"''--2"---'- -- , __________ ------- ------ . 

=18.3cm · · 

Provide 16 mm lj> bars @ 10 cm c/c in the bottom of the slab. 
' . 

Steel required at top 
1 5 

= 7.42 x 10 = .I.9 cm2 (Nominal) 
12000x 0.87 x 37.5 

1, Prov~de IC inm <!>bars @ 15 cm/cc. 

" "" '" ,_ 
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Also provide 10 mm <I> bars @ 20 cm clc as distribution rei~forcement both at to 
as well as at bottom, as shown in Fig. 14.26. ·' · p 

30cm 
Fillet bars Intermediate 

wall 
(Reinforcement 

not shown) 

'¢'10 mm @ 20 cm c/c 

¢10mm@15cm c/c 

1>10mm @20cm c/c 
r-:;;::::;;=~~~~t::;:::::;::::::;::::jT 

40cm 

l==~~~~===::::==t J_ 
c;t>16rnm bars @ 10cm c/c 

Fig. 14.26. Reinforcement in roof slab. 

Step 9. Uplift on the bottom floor of barrel 
(a) Static Head · 

R.L. of barrel floor = R.L. of trough bottom - Height of barrel -

- = 206.0- 2.5 = 203.5 m. 

Let us assume that a thickness of 0.8 m is 
provided. 

:. R.L. of bottom of floor 

= 203.5 - 0.8 = 202.7 rn 

Bed level of drain = 204.5 m. 

Conali 

--~30m----

Assuming that the water-table has gone - - - - f-:a- -----
upto bed level of drain, the static uplift on the 

15
m 

1 
floor (refor Fig. 14~18) 1; 

= 204.5 - 202.7 = 1.8 m of water I - ---- -
..--.c--+---+--'-l--1-----. 

(b) Seepage Head. The seepage head will 4m I 
be ma;:cimum when the canal is running full and 8m :2__ _ _ ___ c 
the drain is dry. j_ ____ 11=-l?f!l 

1·5 
Thus, the total seepage head = F.S.L. of T I 

canal - bed level of drain 8m 

= 208.0- 204.5 = 3.5 rn. ~ 
The residual seepage head at a point 'a' in T 

the centre of the first barrel (Fig. 14.27) has 
been calculated by Bligh's theory, as follows : 

- ---Assuming that the total length of drainage fk>or :::: 30 rn. 

Fig. 14.27 

~-·~--- -~ 

. The seepage line abc will traverse-creep-lengths as follows :-

End of 
pucco 
f !oor of 
drainage 

ab = Length of u/ s transition+ Half the barrel span = 15 + 4 = 19 m. 
be= 15 rn (Half of the total length of 30 m =assumed) 

Total creep length= 19 + 15 = 34 m._ 

Residual seepage head at b = 3.5 [ 1 - !! ] :::: 3.5 x ~~ = 1.55 m. 

Total uplift =Static head +Seepage head 

= 1.8 + 1.55 = 3.35 rn of water= 33.5 kN/m2 
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The provided 0.8 m thickness of slab will resist due to its own wt., an uplift 

= 0.8 x 24 = 19.2 kN/m 2. 

:. Balance to be resisted by reinforcement due to bending action 

;;,, 33.5 - 19.2 = 14.3 kNlm2
. 
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Suitable reinforcement for this uplift (i.e. 14.3 kNlm2
) has to be provided at the top 

of the culvert floor so as to counteract the bending action. 

Note. The length of the floor has been provided equal to 32 m, as shown in Fig. 
J4.28, on the following considerations. 

(i) Length of floor required under barrel 

(ii) Extra floor length required to 

accommodate pier noses on both sides = 2 x 1.0 

(iii) Horizontal length of dis ramp joining 

to bed level at a slope of 5 : 1 = 5 (204.5 - 203.5) 

= 16.4 m 

=2.0m 

=5.0m 

(iv) Width of d/s cut-off beyond ramp = 0.6 m 

(v) Length of extra floor provided on u/s side = 0.6 m 

/ Total length= 30.0 m 

Step 10. Design of cuto~ and protectici~ ~orks for the drainage floor 

/ [ ]1/3 
The depth of scour Cll) = 0.47 ~ . ; assuming!= 1.0 

. . R~=047(4i0J" =047 x"]65=359m 

Provide depth of cut-offs for scour hole of 1.5 R on both sides 

Depth of u/s cut off below H.F.L. 

=I.SR= 1.5 x 3.59 = 5.4 m 
R.L. of bottom of u/s cut-off= uls H.EL. - 5.4 m 

= 207.333- 5.4 = 201.933 m; say 201.93 m. 

R.L. of bottom of dis cut-off= dis H.F.L. - 5.4 

=207.0-5.4=201.6m 

Length of u/s protection (i.e. 40 cm thick brick pitching) 

=2 [R.L. of u/s bed ~ R_,J:..,. ofpQ_tto_!ll _of_u/scu~~off] _ . 

= 2 [203.50- 201.93] 

= 2 x 1.57 = 3.14 m ; say 3~2 m 

Similarly, length of dis brick pitching 

· = 2· [R.L. of .dis bed - R.L. of bottom of dis cutoff] 

= 2 [204.5 - 201.6] =.2 x 2.9 = 5.8 m 
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The pitchings may be supported by 0.4 m wide and 1 · m deep toe walls, as shown· 
in Fig. 14.28 .. 
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Example 14.3. Design a suitable cross drainage work, given the following data at 
the site of the crossing of two streams of waler: 

(a) Irrigation channel ·' 
Full supply discharge = 350, cumecs 

I 
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Length of u/s pitching·= 2 [R.L. ofu/s bed- R.L. of bottom ofu/s cut-off] 

= 2 (201.4- 197.96]= 2 x 3.44 = 6.88 m; say 6.9m 
Similarly, length of d/s brick pitching 

_ ____ ___ = 2 [R.L. of d/s bed - R.L. of bottom of dis cut off] 
--. --~-;f[2ol.4~1~iY.-n;;2x4J= s-.6m. 

The pitchings may be supported by toe walls, 0.4 m 'wide and 1 m deep, as shown 
in chart Fig. 14.36. 

Example 14.5. Suggest suitable cross-drainage works at IbefoUo_wirig crossings : 

(a) Irrigation channel Natural Drainage 

Discharge = 350 cumecs 
Bed width = 28 m 
FSD = 6.2 m 
FSL = 204.3 m 
CBL = 198.1 m 

Natural ground level = 179.3 

(b) Irrigation channel 

Full supply discharge = 350 cumecs 

Bed width = 24 m 
FSD = 6.2 m 
FSL = 215.6 m 
CBL = 209.4 m 
Canal bed slope= 1 in 10,000. 

HFQ = 4300 cumecs 
Drainage bell [eve l = 194. 9 m 
HFL = 198.5 m 

Natural Drainage 

H.F. Q. = 390 cumecs 
Drainage bed level = 207.4 m 
HFL = 209.3 m 
Drainage bed slope = 1 in 500 

Springing level = 207.6 m 

Solution. (a) In this case, the canal bed level (198.1 m) is higher than the drainage 
bed level (194.9) by 3.2 n1: and~ tlierefOre;we may think of taking the canal above-the 
drainage. Further,, drainage FSL (198.5 m) is above the canal bed (198.1 m), we will 
have to syphon the drainage water ; and thus a syphon aqueduct can be constructed a:t · 
the site. However, since syphoning of drainage may not prove economical, and on the 
other hand, the canal bed may be raised slightly so as to pass drainage water freely below 
the canal trough (as the difference in CBL and drainage HFL is quite small i.e. 0.3 m). 
In that case, the minimum canal bed level to be kept at the crossing will be equal to 

:;=Drainage HFL +thickness of canal trough slab+ Min. free-board 
= 198.5 + 0.6+ 0.9 = 200m. 

Therefore, bed of canal trough will have to be raised by an amount equal to 
· 200 - 198.1 = 1.9 mat the site of the crossing. Hence, hump is provided along the length 
·-of trc.mgh Withil-at-u/s-sfope ancl dis slope to join to the natural canal bed levels_.011_J:>_Qth 

sides. The crossing will then be designed as an Aqueduct. The design procedure as used 
in example 14.1 can be adopted. 

' . "'Although the canal is evidently, a pitched canal as the velocity (i.e. 30.~~ 6.
2 

1.89 m/sec}s 

high, still these pitching lengths which would be necessary to be prope~y maintained for the safety of 
the structure have beeri worked out. Moreover, due to pitched canal, the scouring tendencies etc. will be 
less, however, for safety and conservative design purposes, the various data have been worked out 
assuming that in a worst case, the pitching of_ canal may get broken. 
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(b) In this case, the canal bed level (209.4 m) is higher than the drainage bed level 
(207.4 m) by about 2 m; so we may think of taking the canal above the. drainage. Further, 
the drainage HFL (209.3 m) is below the canal bed level (209.4 m) by only 0.1 m ; 
which is less than the free-board and slab thickness, hence, the drainage will have to be 
syphoned below the canal. The other possibility of raising the canal bed is not being 
adopted here, as the drainage is not too large in comparison with canal discharge. 

The work-will, therefore, be designed as a syphon aqueduct, and design procedure 
adopted as in example 14.2. 

14.6. Provision of Joints and Water Bars in R.C.C. Ducts of Aqueducts and, 
Super Passages 

R.C.C. box troughs (or ducts) carry water in aqueducts and super-passages, as 
explained in the previous articles. The box trough will span across the drain or the canal, 
rested at suitable intervals (spans) on piers or abutments. The construction of such 
R.C.C. troughs will involve various types of joints, such as construction joints, expan
sion joints, etc. Water wiff leak through these joints, unless proper arrangements are 
made to prevent such leakages. Water bars or water-stops are provided to stop such 
leakages through the joints. The water bars may be made of metals like copper sheets 
or galvanised iron sheets, or of rubbers (natural as well as synthetic), or of P.V.C., etc. 

14.6.1. Types of Joints in R.C.C. Constructions. The various types of joints that 
may be involved in R.C.C. constructions can be divided into the following types : 

(1) Movement joints including the : 

(i) Contraction joints, (ii) Expansion joints, and (iii) Sliding joints ; and 

. (2) Construction joints. 
These joints are discussed below : 

1 (i). Contraction joints. It is a movement joint with a deliberate discontinuity but 
noc-initial gap.between the c01:1crete on either side of the joint, thejoint being intended 
to accommodate contraction of concrete. (See Fig. 14.37). 

Discontinuity in 
.concrete but no 
initial gap 

Water bar 

\_;;;~tn :;~LY?;:: 
!_{1t: ... ~· ·-~~P~::· ~f.::< .: .~.'.:~· ~._:·_~:=-::·;~ 

Discontinuity 
• iJl s_teel 

Jo'int sealing Strip 
compound painting 

t?:~.:.·(~/:t;~ ::_:;,g:~~::::'.~:;/:'.-
·.1::-_-::._:~;.:_::t>.:::~=-"-· :::. ~ .. ·:i~·;·-.~·-~:; ~ 
.~/:~·:~~--=-""--:/ :s~~::: ~~·"':·.-.··..:·.· .. ;:~~ 

Continuity 
O'rscontinuity in steel 
in concrete but 
no .1.rirtiaLgop. •-

(a) Complete contraction joint (b) Partial confraction joint 
Fig. 14.37. Typical contraction joints. 

A distinction should also be made between a complete contraction joint (See Fig 
14.37 a) in wi1ich both concrete and reinforcing steel are interrupted ; and a partial 
contraction joint (See Fig. 14.37 b) in which only the concrete is interrupted, the 
reinforcing steel running through. 



-ilegulators-Modules,--and-Miscellaneous 
Canal Structures 

13.1. Can~l Regulation -

_13 

The water which enters into· the main canal from the river has to be divided into 
different Branches and Distributaries, in accordance with the relative urgency of demand 
on different channels. This process of distribution is called 'Regulation'. To distribute 
water effectively, the discharge has to be adjusted to any desired value. This aim is 
achieved by means of regulators. 

13.2. Canal Regulation Works 

The works which are constructed in order to control and regulate discharges, depths, 
velocities etc. in canals, are known as canal -regulation works. These structures ensure 
the efficient functioning of a canal irrigation system, by giving full control upon the 
canals. The important of these structures are : 

(i) Canal Falls. 

(ii) Canal Regulators (Head Regulator and Cross Regulator). 

(iii) Canal Escapes. 

(iv) Metering Flumes, etc. 

(v) Canal Outlets and Modules. 

- Canal fallS nave already bee_ri described in the previous chapter. Now we shall dear 
with the remaining structures. 

CANAL REGULATORS 

13.3. Alignment of the off-taking channel 

When a branch channel takes off from the main channel (called Parent Channel), 
the off-take alignment must be carefully designed. 

Fig. 13.1 Fig. 13.2 

684 
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The best ideal alignment is : when the off-taking channel makes zero angle with 
the parent channel initially and then separates out in a transition, as shown in Fig. 13.1. 

The transitions will have to be properly 
designed, so as to avoid accumulation of silt 
jetty. As an alternative to the transitions, both 
the channels should make an angle with the 
parent channel upstream of the off-take, as 
shown in Fig. 13.2. 

When the parent channel has to be carried 
straight, the edge of the canal rather than the 
centre line should be considered in deciding the 
angle of the off-take (Fig. 13.3). 

13.4. Distributary Head Regulator and Cross Regulator 

Fig. 13.3 

A distributary head regulator controls the supply of the off-taking channel ; while 
a cross-regulator controls the supply of the parent channel. 

A head regulator provided at the head of the off-taking channel, controls the flow 
of water entering this new channel. While a cross-regulator may be required in the main 
parent channel down-stream of the off-taking channel, and is operated when necessary 
so as to head up water on its upstream side, thus to ensure the required supply in the 
off-taking channel even during the periods of low flow in the main channel. 

The main functions of a head regulator are : 

(i) To regulate or control the supplies entering the off-take channel. 

(ii) To control silt entry into the off-take channel. 

(iii) To serve as a meter for measuring discharge. 

The main fimctions of a cross-regulator are : 

(i) To effectively control the entire Canal Irrigation System. 

(ii) When the water level in the main channel is low, it helps in heading up water 
on the u/s and to feed the off-take channels to their full demand in rotation. 

(iii) They help in absorbing fluctuations in various sections of the canal system, 
and in preventing the possibilities of breaches in the tail reaches. 

(iv) Cross regulator is often combined with a road bridge~ so as to carry the road 
which may cross the irrigation channel near the site of the cross regulator. It 
is also usually combined with a fall (if required at the site of cross regulator); 
when it is called a fall-regulator. 

A regulator essentially consists of piers placed across the canal at regular intervals 
with grooves, in which either planks or gates can be used to control the supplies. Planks 
calledKarries can be used_foumall_channels,Qnly,_as_th_e ma.1'5mJ.J.m_beigbLQfJ_be_Rlfin.ls:s _ 
which can be handled manually is about 2 metres. For large channels, either hand 
operated or mechanically operated gates can be used. 

The hand operated gates can have spans of 6 to 8 m, while mechanically operated 
gates. can be as wide as 20 metres or so. A light bridge platform has to be laid on the 
piers for operation of planks or gates. It is often economical to combine a regulator with 
a bridge and also to flume the channel at the site c-f the regulator, so as to reduce its 
floor width for affecting economy. 
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13.5. Design of Cross Regulator and Distributary Head Regulator . 

Crest Levels. The crest of a cross regulator is generally kept at the upstream bed 
level of the channel. While, the crest level of the distributary head regulator is generally 
kept 0.3 to 1.0 m higher than the crest level of the cross regulator. 

Water-way. The water-way can be worked out by using the drowned weir formula, 
given as : 

Q =j · Cd
1 
{'ii· B · [<h+hy)312 -h~12]+ Cd

2 
• B · h1 .,/2g (h+hv) ... (13.1) 

where Cd= 0.577 . 
. 1 -· . . . 

US WL. 

. Ci:1z = 0.80. 

B = CleM water-way required. 
h = Difference of water level u/s and d/s of 

the crest. 
h1 = Depth of the dis water level in the chan

nel above the crest. 
hv = Head due to-~ifOCity of approach, which 

is very small and is generally ignored. 
The discharge formula then becomes. 

- - - - - -~-

-9..1 h D/SWL 
-a h ___ 2 __ 11 __ 

Fi~. i3.4 

Q =~x 0.577;/2x 9.81 B· h312 + 0.80B · h1 .,/2x9.8~ fh 
= 1.69 B · h~12+ 3.54 B · h1 {ii 

or Q = B · fh[ 1.69 h + 3.54 h1] ... (13.2) 

Conditions of flow for design. The design is done for the worst of the following 
two conditions : 

(a) Full supply discharge is passing down both the channels with all gates of cross 
regulator and head regulator fully open. 

(b) The discharge in the parent channel is low but the off-take channel is running 
· fUU;''aird'its-'FSt'is'irrfilritfilri'eu-bytlfo'-jiartial-opening'ortlre-'gates of cross-regulator. 

In the first condition, q and HL are fixed ; while in the second case q reduces and 
HL increases, depending upon the low flow of the channel. The first condition of flow 
generally governs the design, but in certain cases, the second flow condition may 
become more critical. 

If the low flow record of the parent channel is not given, the design can be done 
for the first flow condition. 
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Downstream Floor Level or Cistern Leve!. For the above two flow conditions, 
qandHL are worked out. Then E12 is found from Plate 10.l. The level at which jump 

would form, i.e. the level of dis floor, is then given by dis TEL-Ek 

Neglecting velocity head, dis TEL= dis FSL 
:. Level of dis floor =dis FSL - Ek 

If the dis floor for the worst condition works out to be higher than the dis bed level 
of the channel, the floor is provided at the bed level itself. 

Length of dis Floor. It is worked out by calculating 5 (y2 - y1). If by chance, this 
length comes out to be small in comparison to 2/3 of total floor length (worked out by 
exit gradient considerations, i.e. b =a· d .), then, the length of the dis floor is kept equal 
to 2/3 of the total floor length. 

· Cut-offs are provided as given below : 
Upstream Cut-off. The minimum depth of u/s cut off below u/s floor level is kept · 

as(;+ 0.6 m} where Yu is the depth of water in th.e channel upstream. 

Downstream Cut-off. The minimum depth of dis cut-off below the dis floor level is 

kept as. r; + 0.6 m} where yd is the depth of water in the channel downstream. 

Total floor Length. The total floor length 'b' is worked out from safe exit gradient 
considerations, as explained earlier. This total floor length is then suitably distributed · 
upstream and downstream. 

Uplift Pressures and Floor Thicknesses. The thicknesses of the dis floor required, 
are worked out by working out the uplift pressures by Khosla' s theory. The maximum 
unbalanced heads at key_ points are worked out for the maximum static head. The 
pressure at toe of glacis is also worked out for dynamic condition. The floor thicknesses 
are designed for the worst case, as explained-earlier in-the-design- of-weirs and faUs. A-· 
nominal thickness of 0.3 to 0.5 m is provided on u/s side. 

Protection Works. The protection works are designed for a scour depth (D) equal 

to (; + 0.6 m) on the upstream, and equal to r; + 0.6 m) on the downstream. The 'C.C. 

blocks' _and 'inverted filter' are provided in a length approximately equal to 1.5 D. The 
quantity of stone in launching apron is kept as 2.25 D cu. m/metre. 

A typical design of such a regulator is illustrated in the example given below : 

Example 13.1. Design a cross regulator. and a head regulator for a channel which 
takes off from the parent channel with the following data : 

Discharge of parent channel 
Discharge of distributary 
FSL of the parent channel, uls 
FSL of the parent channel, dis 
Bed width of parent channel, u/s 
Bed width of parent channel, dis 
Depth of water in the parent channel 

dis and uls 

= 140 cumecs 
= 15 cumecs 
= 210.0 m 
~ 209.8 m 
= 52m 
=46m 

= 2.5m 

'fr 

I 

I i 

I 

,1 

' ) 
! 



700 IRRIGATION ENGIN'EERiNG AND HYDRAULIC STRUCTURES 

CANAL OUTLETS OR MODULES 

A canal outlet or a module is a small structure built at the head of the watercourse 
so as to connect it with a minor or a distributary channel. 

The control and maintemance of the entire network of canals upto the module falls 
- ~i:inder the-jurisdicfron-of-the-State-Government;-and beyon-d -the module, the entire 

working of the water courses or field channels is taken care of by the cultivators 
themselves. The module is thus a connecting link between the Government and the 
cultivators. These outlets play a very prominent role in controlling the flow of water to 
different areas, so as to effect an equitable distribution of available water in accordance 
with the needs of the whole area. 

Hence, an outlet should be such that it fits well to the decided principles of water 
distribution. 

Moreover, it should be simple, cheaper, efficient and easy to handle. The. design of 
the outlet is, therefore, of prime importance in efficient and effective management of 
canal irrigation system. The requirements of a good module are listed below : 

13.8. Requirements of a Good Module 

(1) The module should fit well to the decided principles of water distribution. For 
example, if the supply is to be fixed in accordance with the cultivable area commanded 
by the outlet, the outlet must be able to pass a constant and a fixed discharge. Similarly, 
if the supply is to be regulated in accordance with the area irrigated in the past year, the 
capacity of the outlet should be capable of being changed from year to year. 

(2) The module should be simple, so that it can be easily constructed or fabricated 
by local masons or technicians. 

(3) It should work: efficiently with a small working head. 
( 4) The outlet should be cheaper, since they are required in large numbers. 
(5) It should be sufficiently strong with no moving parts, thus avoiding periodic 

maintenance. _____ _ ___________ ---·- _____ -·----· __ 
(6) The outlet should be such as to avoid_interference_by cultivators, thus preventing 

undue tapping of water by cultivators. In other words, any- interference by the local 
people should be made difficult and easily detectable. 

(7) It should draw its fair share of silt. 

13.9. Types of Outlets (Modules) 

The various available types of outlets can be classified into three classes : 
(i) Non-modular outlets are those through which the discharge depends upon the 

difference of head b0tween the distributary and the water-course. The discharge through 
such a module, therefore, varies widely with either a change in the water level of the 
distributary or that of the water-course. The common examples of this type of outlets 
are : (z) open sluice, and (ii) drowned pipe outlet. 

(ii) Semi-modules or Flexible modules are those through which the discharge is 
indepenaent'of-the-waterle-vel ofthe water-course but depends only upon the water level 
of the distributary so long as a minimum working head is available. The discharge 
through such an outlet will, therefore, increase with a rise in the distributary water 
surface level and vice versa. The common examples of this type of modules are : pipe 
outlet, venturi flume, open flume and orifice semi-module. 

(iii) Rigid modules or Modular outlets are those through which the discharge is 
constant and fixed within limits, irrespective of the fluctuations of the water levels of 
either the distributary or of the water course or of both. Gibb's module is a common 
example of such a module. 

··~ 
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13.10. Criteria for Judging the Performance of Modules 

701 

The behaviour and functioning of a module can be judged by the following impor
tant terms and definitions : 

Flexibility. Flexibility is defined as the ratio of the rate of change of discharge of 
the outlet to the rate[ ~f 5ha]nge of discharge of the distributary channel. 

Thus F=
1 

~ ... (13:5) 

where F = Flexibility of the outlet 
q = Discharge-passing through the outlet 
Q = Discharge in the distributary channel. 

Now, if His the head acting on the outlet, the discharge through the outlet (q) may 
be expressed as 

or 

q = C. H"' ... ( 13.6) 
where C and m are constants depending upon the 
type of outlet 

Similarly, the discharge passing down the distributary channel may be expressed as 
Q = K. yn ... (13.7) 

where Kand n are constants and y is the depth of 
water in the distributary. 

Differentiating equations (13.6) and (13.7), we get 
m I · dq=C.m·H - dH 

dQ = K · n · yn-:, 1 dy 
Dividing equation (13.8) with (13.6), we get 

!!:!1_= C. m · Hm-I dH m dH 
q C·H"' H 

Similarly, 

dQ _ K · n · t- 1 dy !!:. dy 
Q- K·yn y 

Hence, the flexibility, 
!!:!1_ m 

HdH m dH m · dH 
F=_g_=--=-.X.-=-.1..-

dQ !!:. dy H n dy n H dy 
Q y 

F=m .1... dH 
n H dy 

... (13.8) 

... (13.9) 

... (13.10) 

... (13.11) 

... (13.12) 

But since a change in the water depth of the distributary (dy) would result in an 
equal change-in_the head wqrlcing 9.11 the outlet (dH)_, we have 

dy=dH. 
Substituting in equation (13.12), we get 

Flexibility = F = m · 1.. 
n H ... (13.13) 

Proportionality. The outlet is said to be proportional when the rate of change of 
outlet discharge equals the rate of change of channel discharge. In other words, the outlet 
is 'proportional' when 'flexibility' equals unity. Hence for a proportional outlet, we get 

,, 'l)''lm 

i 
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or 

IRRI.GA TION ENGINEERING AND HYDRAULIC STRUCTURES 

F=m·L=l 
n H 

H m outlet index 
y n channel index 

... (13.14) 

Setting. The_ ratio Ely, i.e. the ratio of the depth ofthe sill kvei of the outlet below 
the FSL of the distributary, to the full supply depth of the distributary, is known as 
setting. Thus, for a proportional outlet 

Hly, i.e. 'outlet setting' should be made. 
outlet index 

- ch8.nriel index· 
For a wide trapezoidal channel, the discharge is proportional to y513

. Therefore, for 
such channels 

n=513 

Hence, the channel index is generally 5/3. The discharge through an orifice type outlet is 

proportional to W; and thus for such an out~~t, jn~=~ l1l_=_t _ 
. H m 112 

:. Settmg =-=-=-=0.3 
y n 513 

Hence, for such a combination of an orifice type outlet and a trapezoidal channel, 
the setting must be equal to 0.3. In other words, a pipe or orifice type outlet shall be 
proportional, if the outlet is fixed or set at 0.3 times the depth below the water surface. 

Similarly, for a weir type outlet, m = 312 (·.·the discharge is proportional to H312). 
Hence, the setting for a combination of a weir type outlet and a trapezoidal channel 

m 312 
=-;:;-= 513 =0.9 

Hence, for the weir type outlet to be proportional, the outlet should be set at 0.9 
times the depth below the water surface. · · -_--

Hypercproportional outlet. An outlet is known to be hyper-proportional if its 
flexibility is greater than unity. 

or 

Thus F = m . L > 1 
n H 

H m -<-
y n 

or 

or 

m H ->
n y 

S 
. m 

ettmg<
- n 

Hence, the outlet will be hyper-proportio'nal, if the numerical value of its setting (Hly) is 
less than min. In other words, the outlet is hyper-proportional if set higher (i.e. head 
acting on the outlet, H, is less than what is required for proportionality). 

Sub-proportional outlet. An outlet is known to be sub-proportional if its flexibility 
is less than unity. Thus 
-··-'-·-----'-· ----p-;;;m-.x:_ ·<'-i-'--- -''-'---~~------· -._:_-.m:~_H.__,.._-_~--- - '--

0
;ccc:-.- ''~---11-;'-,f,,.'-'~=---' 

nH n y y n 

Hence, the outlet will be sub-proportional, if the numerical value of its setting 
(Hly) is more than min. In other words, the outlet is sub-proportional if set lower (i.e. 
His more than what is required for proportionality). 

Sensitivity. Sensitivity is defined as the ratio of the rate of change of discharge 
through the outlet to the rate of change of water level of the distributary, referred to the 
normal depth of the .channel. For rigid modules, the discharge is fixed and hence the 
sensitivity is zero. 
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For flexible modules, where the discharge through the outlet is independent of the 
water level of the watercourse and depends only upon the water level of the distributary, 
a gauge can be fixed and calibrated so as to indicate its reading G = 0 when q = 0. Thus 

S . . . ' - s - [E!i.!.!L] . ens1t1Vlty - , - dG/y .. (13.15) 

I 
I 

Relation between Sensitivity and Flexibility. We know that · - ---

Flexibility =F=[:3;~] i.e. Eq. (13.5) 

dQ n 
But Q =--y dy . _ . .... i.e .. Eq,_(13,11) ___ .. 

Equation (13 .. 5t then becomes 

F _ dql q ]- _!_ [Efi] 
- (n/y) dy - II dy/y 

But since, dG = dy we get F = _!_ · S. 
n 

or I S::::~_:F j ... (13.16) 

If ri = ~' for wide trapezoidal channels, then, S = (5/3) F. 
j . 

It is also evident that : 

(i) Greater is the variation in the discharge of an outlet for a given rise or fall in 
water surface level of the distributary, the larger is the sensitivity of the outlet. 

(ii) The sensitivity of a non-flexible module is zero. 

13.11. Certain other Important Definitions Connected with Modules 

Minimum modular head. The minimum difference between the upstream and 
downstream water levels, which is required to be maintained so as to enable the module to 
pass the designed discharge is known as minimum modular head or minimum modular loss. 

Efficiency of an outlet. It may be defined as the ratio of the head recovered to th~ 
l1ead put in. Lesser is the head required for fiiiictioning ofiliecoiitTff; illore efficientthe 
outlet will be. Efficiency is a measure of the conservation of head by the outlet. 

Drowning Ratio. It is the ratio of the depth of water level over crest on the 
downstream of the module to the depth of water level over crest on the upstream of :11 

module. In case of a weir type outlet, the efficiency is the same as the drowning ratio. 
Modular limit and modular range. The modular limits are the extreme values of 

any one or more variables, beyond which an outlet becomes incapable of acting as a 
module or semi-module. The range between the lowest and the highest limiting values 
of various such factors is known as modular range. 

13.12. Types of non-Modular Outlets 

A non-modular outlet may be in the form of a rectangular opening or open sluice, 
or a simple submerged pipe. Pipe outlet (when submerged) is a very simple type of a 
non~modular outl~t and is_~_x.!_~n~y-~!~u~~il_in,~~~~~}_n_dia_.= __ == 

13.12.1. Open Sluice. An open sluice (Fig. 13.13), like a bridge opening, is a rectangular 
pucca opening created across the bank of the distributary, by raising two abutments at 2.5 to 
3 m apart and with a horizontal pucca floor. The width B of the opening and height H of the 
opening are computed to pass the given discharge, by using the appropriate discharge formula. 

The sill level of the outlet (i.e. the sill level of the pucca floor) is kept somewh~t 
above the DBL of the distributary, as shown in Fig. 13.'13. For maximum silt draw, 
however, the height of water level in distributary above sill level, i.e, H, has to be kept 
equal to FSD of distributary, y. 

.. : .. ''·.~ 
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Fig. 13.13. Open Masonry Sluice. 

There was a time when the sectional area of the opening (B.H) was calculated by 
assuming a flow velocity of 0.3 m'sec through the 02~ning, _t() pas_s t!le given discharge, 
q [i.e. Area (BH) = q/0.3] through the outlet. The old simple calculation method is even 
being used in present days for sluices off-taking from the river. But as owners of the 
water-courses could draw extra discharge in a simple open cut by lowering & clearing 
their water courses, such open cuts are nowadays designed on the basis of drowned weir 
formula by computing the average head loss (HJ. HL is given as = [the water level of 
distributary-water level of water course].. HL in design is, thus, taken as equal to the 
average of head loss values observed once a fortnight throughout the season. 

The discharge through the opening is, thus, given by the supressed weir (i.e. weir 
without end contractions)• formula, for submerged flow, where discharge consists of: 

(i) flow over upper part of section (lying above the line AB) of depth HL 
(i.e. H - d) may be considered as free discharge into the air as a weir flow, given by eqn, 

2 . . r;:;- . 312- . . 
qi ~3-Cd/· -v2g . B. HL ' . . . .. ur 

(ii) flow through the remaining lower part (lying below the line AB), which is 
computed as discharge through a submerged orifice, given as ; 

. q2=Cdz·B·d.Y2gHL . . . 

= Cd
2 

• B · (H - HL) ..J.2g · HL ... (ii) 

If we assume Cd
1 
= Cd

2 
=Cd, then the total discharge through the outlet is given as : 

q =qi -i- q2 = (i) +(ii) 

=~Cd· {'ii· B · Hf2 + Cr B (H-HJ · ..J.2g · HL 

-=-Cd ·.J2i· B..J.HZ· [ ~ · HL +(H-HL)] 

=Cr ..J.2g · HL · B[ H-t HL J ... (13.17) 

Taking C = 0.64, we get 

q=2.83513ffi[ H-±HL] ... (13.18) 

r 
* Weir having length equal to width of canal, across which the weir is constructed. 

l 
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Flexibility of an open sluice is given as 

705 

=F= m xL=_I_xL=l2'.:. 
n H 513 H 5 H 

... (13.19) 

and setting Hly for proportionality= min= 3/5 = 0.6. 

Hence for an open sluice to be proportional, the pucca floor should be provided in 
such a way as to give H = 0.6y ; or the sill level of floor be provided at 0.4 y above the 
DBL of canal. 

13.12.2. Submerged Pipe Outlet. Two types of pipe outlets are shown in Figs. 
13.14 (a) and (b). The pipe diameter varies from 10 to 30 cm. Pipes are generally 
embedded in concrete and are generally fixed horizontally at right angles to the direction 
of flow. They may also be laid sloping upwards by depressing the upstream end of the 
pipe [as shown in Fig. 13.14 (b)] so as to increase silt conductivity. In U.P., the pipes 
are generally laid horizontally at about 21 cm below the water surface level of the 
distributary channel. · 

or 

HL = WORKING HEAD 
= HEAD CAUSING FLOW 

( = LOSS OF HEAD 

_i_J * - +=---=--:.=...-== --= 
- :_ ~ WATER COURSE 

OUTLET 

l= LENGTH OF PIPE ~I 

(a) Horizontal pipe outlet (Submerged) 

(b) Inclined pipe outlet (Submerged) 
Fig. 13.14. Non-modular Outlets. 

The velocity through the pipe can be precisely computed by using the relation : 
HL =Total loss of head =Entry loss + Frictionalloss +Velocity head at exit 

_ v2 f' zv2 v2 

HL-0.5 2g + 2gd + 2g ... (13.20) 

--<Jr------ -Hi= r;-[1 :S-+if J--°'=~---·.:..:c.:c. ... (13.-21] 

where HL is the difference in the water level of the 
distributary a.nd the water course, l is the 
length of the pipe, dis the diameter of the 
pipe and f' is the coefficient of friction of 
the material of the pipe. 

After computing V from Eq. (13.21), the discharge q can be computed as q = Vx 
area of outlet pipe. 

,' 

i 

'~r·: 
:-:\:I 
~ 
~ 
I 
! 
.i:i 

1, 

" 
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The discharge, however, for all practical purposes, may be easily computed by using 
the simple relation : 

q =Cd· A· "12gHL ... (13.22) 

where q = Discharge through the outlet 
• _____________ _ _-_ __ _ CJ_=::._ _C_oefficient of discharge for the pipe outlet. 

Its average value, determined at CWPRS 
poona is 0.73, although it depends upon the 
length & size of the pipe, besides on the pipe 
material. 

A = Area of the pipe 
HL = Difierencc of head between the FSL of dis

tributary and FSL of wmer course, usually 
called worJ<-jng head of irrigation outlet. 

It becomes evident from equation ( 13.22), that the discharge through the outlet can 
be increased by increasing HL or by lowering th;; bed of the watercourse. Hence, for a 
certain water level in the distributary, the water entering high fields shall be less and that 
entering the lower fields shall be more ; consequently equitable distritiution of water becomes 
difficult, as the owners of high fields are put to a di~advantagc in drawc;l of tfo:ir shcu·e. 

Although, such outlets can. work eve:: with ,.,.,. y sma!! available hea+;, and silt 
conduction is also quite good due to di srurban<1..: at :he mtrance, they m<1y not be 
preferred as they do not ensure equitable distriburim, l~f water. 

Pipe outlets ;.ire more in 
vogue in South India, where 
glazed earthenware pipe lengths, 
0.6m long, are used to build up 
the barrel. Against the usual 
convention of sockets facing 
against the flow, the pipes- here.- -
are usually laid in the reverse 
direction, otherwise the head 
(front) socket will become a 
bellmouth at entry of discharge 
from the distributary, making 
the measurement of diameter 
difficult and unreliable. The; 
spigot of the pipes are b"nce 
kept at the upstream ends. 

A non-modular outlet may 

I 
be controlled by providing a 
shutter on its .upstre~m_ end (~ee 

1

-- -----irh-o-i-ogrnp"hlc· ·v1ew,---P-fg~-

13.14(c)). Arrangement is 
provided to lock the shutter in 

l 
i 
I 

any required pos1t1on, so as to 1 

have a given discharge pass . . '1! 

th h th tl t ( . f Fig. 13.l 4(c). Pipe outlet controlled by Shutter on u/s end. !_I roug e ou e 1.e. area o · 
opening A can be changed and the discharge passing is controlled). Since the loss of 
head in a non-modular outlet is less than that in a modular outlet, the former is useful 
where much loss of head is not available. 
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Flexible modules (semi modules) and rigid modules are preferred to non-modular 
outlets, so as to ensure more equitable distribution of water in the watercourses, 
irrespective of their being at high or low levels. However, such outlets can work as 
modular outlets, only within certain limits of water level in the dis tributary and the water 
course. The range over which eac\1 module works as modular outlet, is called its working 
range; or range of modularity. Also certain minimum difference of water levels on two 
sides of each module should always be there to ensure its modularity (i.e. its working 
as modular outlet). This minimum difference of levels is called minimum modular head 
or minimum loss of head of the modular outlet. 

Example ·13.1. Design mz irrigation outlet for the following data : 
FSQ of outlet ·· = 50lit/sec. ··· · ·· -

FSL in distibutary on u/s side of outlet = 200.00 m. 
FSL in water course on dis side of outlet = 199.92 m. 
FSD in distributary on u/s side of outlet = 1.05 m. 
Solution. 
Available head across the outlet 

= FSL ofDistributary - FSL of water course 
= 200.00-199.92= 0.08 m. 

Since the available head is very small, a non-modular outlet (such as a submerged 

pipe outlet) will have to be provided ['.'The very small head of0.08 m clearly indicates 
that the dis water level will definitely be above the opening on that side.] 

The discharge in such a submerged pipe outlet is given by Eq. (13.22) as: 

Q =Cd· A · .../2g HL 

where Q = 50 lit/sec= 0.05 cumec. 
A = Area of pipe 

HL = working head or Loss of head between 
.. u/s and d/s. 

= 0.08m 
Cd ::o. 73. for subinergeo flow. 

Putting these values in the above Eqn. we get 
. 0.05 = 0.73 A · .Y2 x 9.81 x 0.08 or A= 0.055 m2 

If a pipe of dia d is used, then 

~ d2 = 0.055 m2 or d=0.264m. 

Hence, use a pipe of dia, say 30 cm. 
The R.L. of the bed of the distributary 

= 200.00 - 1.05 = 198.95 m. 
The pipe top can be fixed at about 22 cm below the FSL of the distributary. In other 

· words; the pine· can· be laid-horizontally with,its. invert level-(or.si111e:vel) 
=200.00-0.22-0.30= 199.48m · 

i.e. at 199.48- 198.95 = o.~3 m above the bed of the distributary. 

13.13. Types of Semi-Modules or Flexible Outlets 

The common types of semi-modules are : 

(i) Pipe outlet discharging freely into the air. 

(ii) Venturi-flume outlet or Kennedy's Gauge outlet. 

(iii) Open flume outlet. 

I! 
!j 

· :~.H1 
;~: 

1:1 
1:1 ,,I 

.111 

Jr 
I•' 
I I' 
f' i 
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(iv) Adjustable orifice semi-module. 

These outlets are discussed below in details : 

13.13.1. Free Pipe Outlet. Pipe outlet discharging freely into the atmosphere is the 
simplest and the oldest type of a flexible outlet. The discharge through such an outlet wiH 

· depen-d onlyupun-thewater level of the distributary, and will be independent of the water level 
of the water-course so long as the pipe is discharging freely. Silt conduction for such an outlet 
is quite good and efficiency is high. But a freely falling jet outlet can be provided only at a 
few places where sufficient level difference between the distributary and water-course is 
available. The discharge can be easily computed by using the equation. 

Q =Cd· A· ..J2g Ho ... (13.23) 

where Cd is coefficient of discharge = 0.62 for 
average condition of free over fall. 

H0 = Head on u/s side measured from FSL of 
distributary up to the centre of pipe outlet. 

A = Area of cross-section' of pipe 
Example 13.2. Design a pipe outlet for the following data : 
Full supply discharge at the head of water course = 90 lit/sec 
FSL in distributary = 205.00 m. 
FSL in water course = 204.00 m. 

Solution 

Available head across the outlet 
= FSL of distributary - FSL of water course 
=205.00-204.00= 1 m. 

This available head of 1 m is sufficient enough to make the pipe outlet discharge 
freely into the water course, as the dis end of the pipe can be fixed below the water level 
of the water course, thus making ita semi-module. -· - ... ---=---

The discharge through such an outlet is given as : 
Q = Cd ·A ..J2g Ho 

where Cd=. 0.62 for free pipe outlet. 

H0 = Head on upstream side above the centre 
line of pipe. 

Q = 9.0 lit/see= 0.09 cumec. 
Assuming the dia of the pipe as 25 cm, we have 

0.09= 0.62[ ~ x (0.25)2
] ..J2 x 9.81 H0 

= 0.62 x 0.049 x 4.43 -{ff 
-'-'1'Ft; ~-o-.e>s7'ID.''' -" ,._.,,:c _ _::_:_-'-'-.:.::.C. --·-·--··-·-·-··-·· ---

H0 =0.44m 

:. R.L. of the centre of outlet pipe 
= 205.00- 0.44 = 204.56 m. 

R.L. of invert of outlet_ pipe (i.e.· sill level) 

= 204.56 -
0

;
5 

= 204.43 m > FSL of water course i.e. 204.00 m. 
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Hence, a pipe of 25 cm dia can be laid horizontally with its bottom or sill level at 
RL 204.43 m, and it will be discharging freely as a semi-module. Ans. 

13.13.2. Venturi Flume Outlet or Kennedy's Gauge Outlet. Kennedy's Gauge 
Outlet is of a Venturi flume type and is shown in Fig. 13.15. It is made of cast iron and 
consists of three main parts : 

(a) an orifice with a bell mouth entry ; 

(b) a long expanding delivery pipe ; 

(c) an air-vent connecting the throat of the delivery pipe to the atmosphere. 

Water from the distributary enters this module through the bell-mouthed entry. The 
diameter is narrowest at the throat and the water jet shoots across the air in the base of 
the vertical air bent pipe. The base of the vent pipe is kept conical and air holes are 
provided at the top, so as to allow free circulation of air around the jet. In other words, 
the jet is equivalent to be discharging freely into the atmosphere, thereby making the 
discharge independent of the water level in the water-course. The jet, then passes 
through the cast iron expanding pipe (about 3 metres long) and then through its concrete 
extension and finally discharges into the watercourse, as shown in Fig. 13.15. 

BANK 

WATER L£VEL IN 
WATER COUl'a$E 

--- --- -------
--P=CONC=R=E::cTE=P,"'PE=~- ~ ~ ~_:BE~r:0i3: 

: : : :. WA'l'ER : 
EXTENSION ::: .::: _- ~ COURSE : 

BELL • C.aL. BELL MOUTH G.I. EXPANDING PIPE 
MOUTH I E.NTR'r' 
ENTRY 'rt Of' DISTR8JTARY 

Fig. 13.15. Venturi flume outlet or Kennedy's Gauge outlet (Semi~module). 

The discharge through this type of outlet is given as : 
q =Cd ·A ..J2g H0 ... (13.24) 

where q = Discharge through the outlet 
A = Area of cross-section of the pipe at the 

throat. 
H0 = Head measured from FSL of distributary 

to the centre of the pipe at throat. 

Cd= Coefficient of discharge which may be as 
high as 0.97. 

Kennedy's gauge outlet-is an"old one'and was designed in 1906, by R.G. Kennedy, 
Chief Engineer, Punjab Irrigation Department. This type of a module, though having the 
properties of semi-modularity, was very easy to tamper with. The farmers used to block 
the air holes so as to increase the outlet discharge. When the air bent is closed, the jet 
sucks the surrounding air, and pressure falls below the atmosphere, which increases the 
discharge. Hence, due to its tampering defect and due to its high ccist of construction, 

1 

this type of module has almost become obsolete these days. . 

13.13.3. Open Flume Outlet. It is a weir type outlet with a constricted throat and 
an expanding flume on the downstream, as shown in Fig. 13.16. Due to the constriction, 

~.ill 

I 
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a super-critical velocity is ensured in the throat and thereby allowing the formation of 
a jump in the expanding flume. The formation of hydraulic jump makes the _outlet 
discharge independent of the water level in the water-course ; thus making it a semi
module. There are many types of such an outlet. 

-- ·- The most-commonly-used type of-such-an-outlet is called the Punjab Open Flume 
Outlet, as the same was first used in Punjab. A typical plan and section of such a module 
are shown in Fig. 13.16. A photographic view of a distributary installing such modules 
is also shown in Fig. 13.17. 

BERM. 

(aJ SECTION --Jo·6m \.-

!-1 \'i 
!~ 3: 'Z g '"". r u. 
f'._1 
[W 

r 
·<= 

·1:s 
i"" 
I 
lo/' 

Fig. 13.16. Punjab Open Flume Outlet (Semi-module) . 

. In such a Punjab open flume outlet, the upstream app1oach is made curved and the 
downstream approach is made straight, as shown in Fig. 13.16 (b). The length of the throat 
is kept 2H. The width of the flume at the downstream end is kept 0.3 m wider than the throat 
width (W), as shown. The slope of the d/s glacis is kept to the water course. 

The discharge through such an outlet is given as : 

q =Cd· WH312 
.•• (13.25) 

where q = Discharge through the outlet 
H = Head over the crest measured from FSL 

----·----- -- ~---------- · ····· ------of-distributary--: ····: --------- --__ , _______ :... __ . ----

W =Width of the throat==~ A, where . 

Q = discharge of distributary and 
A = Area of waterway of distributary of bed 

width B and depth y 
Cd= Coefficient of discharge, having a 

theoretical value equal to 1.71 in M.K.S. 
or S.I. units. 
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Due to the various losses, the actual value of Cd is less than 1.71, and depends upon 
the width of the throat as shown in Tabie 13.1. 

Table 13.l 
----·----------------------

Throot width in m~',.es (W) 

0.06 to 0.089 

0.0\l to 0.119 

Ovcr0.12 

Vaiue of Cd 

1.60 

1.64 

1.66 

Fig. 13. ! 7. Photoview of the tail end o~ a minor distributary in W.J.C. System 
in Haryana. Three water courses are taking off from this minor, 

and the three outlets provided are of open flume type. 

For such a module to be proportional, setting is given by 

H = m = ~11: = 0.9 ... (13.26) 
y n ), j 

Its efficiency varies bii!tween 80 to 90%. The minimum modular loss involved in 
such an outlet is about 0.2 H. 

13.13.4. Adjustable Orifice Semi-Modules. Various types of orifice semi-
---=.@2~ules have been designed since olden days. The one which found a lot of1::mpulari1y .. 

is called Crump's adjustable proportionate module (APM) (see Figs. 13.18 and 13.19). 
Further improvements in approaches etc, have since been carried out in crump's APM, 
and the latest model, which is now used in Punjab and Haryana, is calied an Adjustable 
orifice semi-module (A.O.S.M.). Typical dimensions of such an outlet are shown in the 
attached chart Fig. 13.20. 

This type of an adjustable module is considered to be the best of all the modules 
and is mostly adopted. An adjustable orifice module consists of an orifice provided with 
a gradually expanding flume on the downstream side of the orifice. The flow through 
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(a) (b) 
Fig. 13.19. Photoview of two A.P.M. Outlets. The common type of outlet used in Northern 
India. The distributary in Fig. 13.19 (b) is flowing full, and that in Fig. 13.19 (a) is dry. The 
size of the outlet is fixed on the basis of CCA. There is no control over the discharge. The 
water flows through the outlet so long as the canal water surface is above the bottom of the 
outlet opening. 

the orifice is super-critical, resulting in the formation of a h;·· ;Jraulic jump in the expand
ing flume position. The formation of jump makes the discharge independent of the water 
level in the water-course. 

The principal features of an adjustable orifice module are similar to those of a 
- flumed regufator.wiiii horizontal crest and curvecfwater.approach on the upstream, ano __ _ 

downstream wings expanding to the width of the water course, b. But unlike gates, it is 
provided with cast iron roof block, around which masonry is done. The opening height, 
y0, can be changed by suitably adjusting the roof block, which can be easily done after 
dismantiing the masonry around it. Since the roof block cannot be readjusted without 
breaking the masonry around it, the opening, y0, and hence the outlet discharge, cannot 
be easily tempered with by the cultivators. The module is thus perfectly rigid, and at 
the same time adjustable in dimensions at a slight cost of re-doing the masonry. 
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The discharge through such an outlet is given by the formula : 

713 

' q = Cd · (W · y0) · .Y2g Hs ... (13.27) 

where q = Discharge through the outlet 

W = Width of the throat 

q = 4.04 · W · Yo fH'; 

Yo= Height of the orifice opening (smallest) 

= generally kept · 1.5 to 2 times the width 
(W) of the opening. 

H5 = Head measured from the upstream water 
level in the distributary to the lowest 
point of the roof block. 

Cd= Coefficient of discharge, whose value 
varies between 0.8 to 1.05 for throat 
width (W) varying between 0.06 to 0.3 m. 
It may be safely taken for normal throat . 
width (of the order of 0.12 m or so) as 
0.91, in which case the above formula 
reduces to 

... (13.28) 

This type of adjustable modules are provided in eight different standard widths = 
0.06, 0.075, 0.10, 0.12, 0.15, 0.19, 0.24 and 0.3 metres. 

The minimum modular hedd loss involved in such a module is given by the formula 
w 

HL = 0.82H5 -2 ... (13.29) 

Originally, when this module had a setting (i.e. H/y) of 6/10, it aimed at exact 
proportionality and, therefore, used to be called A.P.M. (Adjustable Proportional 

_,-,-Module). But experience showed that the channels using such modules-silted very badly, 
and hence proportionality was sacrifi_ced to enable the outlet to carry higher silt charge 
by increasing the setting to 8/10. Since then, the outlet is known at A.O.S.M. (Adjus
table Orifice Semi-module). . .. 

A few rules which are of use fo fixing the dimensions of the latest model of AOSM 
have been indicated in the Fig. 13.20 itself. 

Advantages of this type of outlet are : . 
(i) The adjustment can be made by raising or lowering the roof blocks at low costs 

: by dismantling the masonry in which the roof bolts are fixed. 
(ii) Any undue tampering of roof blocks by the cultivators can be easily detected, 

as it requires the breaking of the visible masonry key. 
(iii) It is simple and cheaper. _ 

--· ·_-(iv)'-S'ilrcon'du-ctfo·n-1·scgoo'd·a.t ·variounenirtgs, stich ·a.s--showri befow ·· 

·settin 
6 . 
IO th Setting 

1
8
0 

th Setting 

IO . IO th Settmg 

Silt Conduction 

99.5% 

109.7% 

121.9% 
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13.14. Types of Rigid Mod~les 

There are a few types of rigid modules which have no moving parts, such as : 

(i) Gibb's module ; 

------------ -Eii} Khanna~s--r-igid-module--;-and--------_-_ c---~----

(iii) Foote module. 

Out of all these modules, Gibb's module is the most important and widely used. It 
is described below : 

13.14.1. Gibb's Rigid Module. The plan and section of Gibb's module are shown 
in Fig. 13.21. Gibb's modu1e was designed by AS. Gibb, formely Executive Engineer 
in Punjab Irrigation Deptt. The discharge range of Gibb's module varies between 0.03 
to 0.45 cumec ( 1 to 16 cusecs). For lower values of discharge, i.e. between l to 3 cusecs, 
it is often economical to construct it in R.C.C., but for higher discharges (greater than 
3 cusecs) it iriay be constructed in brick masonry., 

(Section A-B-C-D) 
Fig. B.21. Gibb's Module. 

Gibb's -module-consrsis of an inlet pipe havin£a-belf m-outh~-Water entering this 
inlet pipe is directed to the eddy chamber through a 180° rising spiral pipe in which free 
vortex flow is developed. The upstream end of the inlet pipe is controlled by a shutter., 
The rectangular eddy chamber having a horizontal floor is generally semi-circular in 

plan (although it rriay be a circle or 1--~ circle depending upon discharge and range of 

working required for the module}. The eddy chamber is fitted with a number of baffle 
plates (minimum six numbers) placed equidistant along its circular path. The lower edge 
of each baffle, sIOpes up from the inner wall to the outer wall of the eddy chamber. 
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The free vortex flow generated in the eddy chamber ensures, that, velocity 
x radius= constant, for all filaments. Thus, the water at the outer wall of the chamber 
having greater radius will have lesser velocity, resulting in a rise of water level there. 
Hence, the water surface level in the eddy chamber wiil slope down from the outer wall 
towards the inner wall. The baffle plates inserted in the eddy chamber, sloping up 
towards the outer wall, at required heights above the sill of the module, will help in 
preventing any excess amount of discharge likely to pass through the module. If the 
head causing flow increases, water banks up at the outer wall and impinges against the 
baffles, imparting a.n upward rotational flow to the water, whieh spins round in the 
compartment between two successive baffles, and finally drops on the oncoming stream 
of water ; thus dissipating excess energy; This helps in keeping the discharge constant 
for a wide range of variations in the head. The number of baffles coming into the action 
depends upon the variation in the head, as more and more baffles come into action with 
more and more discharge. The device thus maintains a constant discharge. 

The discharge through the Gibb's module is given by Gibb's formula as : 

_ r;:;-( )1.5 [m2 
- 1 · 1 m2 

- IJ q = r2 • -vLg y1 +·h2 . ~loge m + m lo& m - 2~3 - - ... (13.30) 

where r1 = radius of inner semi-circle 

r2 = radius of outer semi-circle 

m=!i 
r1 

y1 = Depth of water at inner circumference 

h2 = Head at outer circumference. 

Gibb's formula given above, is based on free vortex flow and h0lds good only for 
his standard design in which 

h1 I 
· m=2and-=-

D 7 
where D is the difference of level measured from 

. the minimum. water level in the parent channel to 
the floor of eddy chamber. 

MISCELLANEOUS CANAL S.TRUCTURES 

13.15. Cattle Crossings 

Whenever canals are to be crossed from one bank to another, certain arrangements 
must be made for suitable crossings. Normally, bridges are provided across the canals 
at suitable key points, so as to permit the movement of traffic, cattle, and human beings, 
etc. across the canals. However, in remote village areas where no major movement is 

--·invelved,:·certain arrangements-are-made s0-thaHhe-cattle, buH0c~carts-,etc~ can-swim· 
across the canals. Such crossings are called cattle crossings~· or cart crossings. 

For canals, carrying smaller water depths, of the order of 0.75 m or so, a ramp is 
provided for the entry, and another ramp opposite to the entry ramp is provided for the 
exit. The cattle or cart moves from one bank on the pitched ramp, comes on the bottom 
of canal within the water, and goes across by walking over the exit ramp. _. 

But for larger canals, having water depth greater than 1.2 m or so, the ~attle will 
have to swim as they cannot straightaway walk down from one bank to another (via 



12 
Canal· Falls 

12.1. Definition ancl Location of Canal ~alls 
12.1.1. Definition. Whenever the available natural ground slope is steeper than the 

designed bed slope of the chan-
nel, the difference is adjusted by 
constructing vertical 'falls' or 
'drops' in the canal bed at 
suitable intervals, as shown in 
Fig. 12.1. 

VERTICAL 
DROP 

Such. a drop in a natural 
canal bed will not be stable and, 
therefore, in order to retain this Fig. 12.1 
drop, a masonry structure is constructed. Such a pucca structure is called a canal fall or 
a canal drop. 

12.1.2. Proper location. The location of a fall in a canal depends upon the topography 
of the country through which the canal is passing. In case of the main canal, which does not 
directly irrigate any area, the site of a fall is determined by considerations of economy in 
'cost of excavation and filling' versus 'cost of fall'. The excavation and filling on two sides 
of a fall should be tried to be balanced, because the unbalanced earthwork is quite costly.· 
By providing-a larger drop in one_step;_the quruitity o{i.mbalanced earth work increases, but 
at the same time, the number of fall reduces. An economy between these two factors has to 
be worked out before deciding the locations and extent of falls. 

In case of branch canals and distributary channels, the falls are located with con-
. sideration to commanded area. The procedure is to fix the FSL required at the head of 
the off-taking channels and outlets and mark them on the L-section of the canal. The
FSL of the canal can then be marked, as to cover all the commanded points, thereby 
deciding suitable locations for falls in canal FSL, and hence, in canal beds. 

The location of the falls may also be influenced by the possibility of combining it 
with a bridge, regulator, or some other masonry work, since such combinations often 
result in economy and better regulation. When a fall is combined with a regulator and 
a bridge, it is called a~faH-regulator-with roa:d-:cbridge.- - -- - -- ~ 

12.2. Types of Falls 

Various types of falls have been designed and_ tried since the inception of the 
idea of 'falls construction' came into being. The important types of such falls, which 
were used in olden days and those which are being used in modern days, are 
described below: 

639 
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(1) Ogee Falls. The 'Ogee type fall' was constructed in olden days on projects like 
Ganga canal. The water was DRAW DOWN .. 
gradually _led down. by ~ > ., · 

providing convex and ccin- - ----: =-.,..:t:f:f WATER -SURFACE 

cave curves, as shown in Fig. u/s BED ' .:.~ 
12.2. ', 

\... ,' 
The performance of 

such a fall was found to have 
the following major defects : 

(i) There was heavy 
draw-down on the upstream . Fig. 12.2. Ogee fall. 

,,.,., --
D/S BEu 

side, resulting in lower depths, higher velocities and consequent bed erosion. Draw
down would also affect the supply in a distributary, situated just upstream of fall. 

(ii) Due to :smooth transition, the kinetic energy of the flow was not at all dissipated, 
causing erosion of downstream bed and banks. 

A 'raised crest' was soon added to restrict the draw-down and a long protection was 
provided on the downstream side. Later, it was converted into a much better type of fall, 
·called a 'Vertical Impact type'. · · 

(2) Rapids. In Western Yamuna c-anal, long rapids at slopes of 1 : 15 to 1 : 20 (i.e., 
gently sloping .glacis) with boulder facings, were provided. They worked quite satisfac
torily, but were very expensive, and hence became obsolete. 

_ (3) Trapezoidal Notch Falls. The trapez9_idal n9tch fall was designed by Ried in 
1894. It consists of a number of trapezoidal notches constructed in a high crested wall 
across the channel with a smooth entra:nce and a flat.circular Hp projecting downstream 
from each notch to spread out the falling jet (See Fig. 12.3). 

FORONT ELEVATION 
B FOUNDATION WALL 

Fig. 12.3. Trapezoidal Notch fall. 

The notches.could be designed to maintain the normal water depth in the upstream 
channel at any two_discliarges, as the variation at intermediate values is small. Hence, 
the depth discharge relationship of the channel remains pr11ctically unaffected by the 
'introduction of the fall. In other words, there wotild neither be drawdown nor h~ading 

~ . . . . ,,_ . 
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·· p of water, as the channel approaches the fall. These falls remained quite popular, till 
~impler, economical, and better modern falls were developed. 

(4) Well Type Falls or Cylinder Fall_s, or Syphon Well Drops. This type of a fall_ 
onsists of an inlet well with a pipe at its l?ottom, carrying water from the inlet well to 

~ downstream well or a cistern. The downstream well (as shown in Fig. 12A) is 
·necessary in the case of falls 

r: greater than 1.8 m and for dis-
'f charges greater than 0.29 
I: curnecs. The water falls into the 
[__ inlet well, througb a trapezoidal--
ri notch constructed in the steining 

of the well, from where it emer
ges near the bottom, dissipating 
its energy in turbulence inside 
the well. 

This type of .falls _are very 
useful for affecting larger drops 
for smaller discharges. They are 
commonly used as tail escapes 
for small canals, or where high 
levelled smaller drains do .. outfall 

f into a low levelled bigger drain. 
I 

. (5) Simple Vertical Drop 
Type and Sarda Type Falls. A 
raised crest fall with a vertic:al 
impact (Fig. 12.5) was first of all 
introduced on Sarda. Canal Sys-
tem in U.P~. owfrig i6 it.s··c·. 
economy and simplicity. The · 
necessity for economic falls.· 
arose because of the . need of 

·construction of a large number 
1 of smaller falls on the Sarda ~ 

Cl 
Canal System. In thai area, a .o-;; 
thin layer of sandy clay overlied g 2 

Cl ·. a stratum of pure sand. If the u 

canal _bed was to be.cut deep and 
up to the sand s;tratum, the . ,,,...,. , . 

seepage losses would have been 

_j 
vi 
IL: 

-'-tremendous. Hence, tne· depth or. 
cutting had t.o be kept low, 
necessitating the construction of -o . 

a large number of smaller falls. 0 
0 

In this type of a high crested 
fall, the nappe impinges. into the 
Water cushion below. There is 
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FLOOR OF WATER CUSHION 

Fig. 12.5. Simple Vertical Drop fall. 

no clear hydraulic jump and the energy dissipation is brought about by the turbulent 
diffusion, as the high velocity jet enters the deep pool of water downstream. 

Two types of crests which are used in Sarda type falls are shown a little later in 
Figs. 12.10 (a) and (b ). 

Sarda type fall is a high crested fall, and if the discharge in the canal varies (say between 
50 to 100% ), the water will head up on the upstream side at low discharges. The reach 
upstream of the crest will silt up as the clearer water will pass downstream of the crest. Due 
to reduction in silt in the dis discharge, there may be a tendency of scouring on dis, so as 
to make up the silt loss. Hence, this type of fall is not quite suitable for canals in which 
discharge varies within a wide range. A trapezoidal notch fall, although costlier than Sarcia 
type or glacis type fall, is free from such troubles and, therefore, preferred for canals where 
the discharge is very small and also varies over a wide range. · 

- . {6) Straight Gl~cis Faj.ls.111 this type of a modern fall, a 'straight glacis' (generally 
sloping 2 : 1) .is provided -after a 'raised crest' (see Fig~ 12.6). The hydraulic jump is 

A 
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RETURN 
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01S WING WALL -

+ .' -- ____ ... o_IS_G_LA_ss CISTERN 

'-7 OEfLECTOR 
::Cl WALL 

·u/s WING 
WALL 

TOP OF PITCHING 
LOPE PITCHING 

D/S 
H FL 

~=-=--:::--7~ PROF l LE 
WALL 

PROFl.LE WALL OR 
OHAMALl 

FSL 

Fig. 12.6. 'Straight Glacisfalf (without fluming), without Regulator and Bridge Details. 
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made to occur on the glacis, causing sufficient energy dissipation. This type of falls give 
very good performance if not flumed, although they may be flumed for economy. They 
are suitable up to 60 cumecs discharge and 1.5 m drop. 

(7) Montague Type Falls. The energy dissipation on a straight glacis remain 
incomplete due to vertical component of velocity remaining unaffected. An improve
ment in energy dissipation may be brought about in this type of fall [see Fig. 12.7 (a)], 
by replacing the straight glacis by a parabolic glacis', commonly known as 'Montague 
Profile'. 

U/S WI NG WALL 

_ ~/§..FiL-::1 --------- D/S WING WALL 

Fig.12.7. (a);Montague Type fall. 

~~~u~~M"'!"'l,.._.- _ LH~R~O~T~ __ --x 
Y I HALF GR~VI TY I 

I ' '---x -
'D1S ED GE ___A.I 
OF CREST I 

I 

t 
y 

. l_PARABOLA 
i{MONTAGUE 
I PROFILE! 

""'FREE FALL . 
UN DER GRAVITY 

Fig. 12.7. (b) M?ntague Profile. 

The Montague profile is given by the equation. 

' - f4Y 
X= u-\Jg + Y ... (12.1) 

where X = The horizontal ordinate of any point of 
····· ---- -- the-proflie measuredfrom the dis edge of 

crest. 
Y = Vertical ordinate measured from the crest 

level. 
U = Initial velocity of water leaving the crest. 

The curved glacis is difficult to construct and thereby1rendering it costlier. This type 
of fall is, therefore, generally not adopted in India .. 
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(8) Inglis Falls or Baffle ... Falls. A straight 
glacis type fall when added with a baffle platform 
and a baffle wall as shown in Fig. 12.8, was 
developed by Englis, and is called 'Englis Fall' or 
'Baffle Fall'. They are quite suitable for all dis
charges and for drops of more than 1.5 m. They 
can be flumed easily as to affect economy. 

The baffle wall is provided at a calculated 
height and a calculated distance from the toe of 
the glacis, so as to en~ure the formation of the 

. jump on the baffle platform, as shown in Fig. 
,,, ,12.8. -

Comparison of Different Types of Falls. 
Extensive testing of various modern types of falls 

" was- carried ouf in 1952 at Research Station 
Poona, and the following recomm_endations were 
made: 

(i) 'Vertical drop' falls are quite suitable for 
discharges upto 15 cumecs and drops upto. 1.5 
metres. But this type of fall should not be flumed. 

(ii) for 'Straight glacis' type falls, the con
clusion was, that they work satisfactorily for all 
conditions, if unflumed ; but in that case they 
become costly. Even then, they can be adopted 
suitably for discharges upto 60 cumecs and drops 
upto 1.5 metres, t:md_ can eve'! ~e flumed. 

(iii) 'Baffle fall' or 'English fall' may be used 
' ' for all discharges when drop is more than 1.5 

metres.· This type off all jUnctions very satisfac
! 1111 torily, either fl!fined or unflumed, so long as it is 
• • 1 undrowned. 

(iv) Well type falls are suitable and e_conomi- · 
' I cal for high drops and very low discharges. They 
i · can hence be easily used, as tail escapes of small 

channels. 

Meter and Non-Meter Falls. Meter falls are 

- ·Q::·· ··a. 
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those which can be used to measure th~ cl!s_c:_l11irg~ci>fJb~ canal. -If the discharge_ca:nnot 
. be measured accurately at the sfte- of the fall; then ,it is called a· non~meter fall: Vertical 
' drop fall is not suitable as_ a meter due to the formation of partial vacuum under the 

1111 i nappe. Glacis type fall is quite suitable as a metering-device. Since a sharp .crest does 
• ' not give a consta~t coefficient of discharge with varying heads, while a broad crest does 

•so reasonably; a fall to be used as meter must be provided with a broad crest. Generally, 
.. a flumed glacis fall or a flumed baffle fall, is used as meter, while an unflumed glacis 
· fall is used as a non-meter fall. -


